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UNIT II 


Thermodynamics 


We are already familiar with many topics 
in heat such as pioperties of gases, change of 
states, calorimetry, etc. We have yet to study 
many othei topics such as heat in relation to 
mechanical woik, radiation by hot bodies, 
pyrometiy, etc. All such topics fall under the 
Scope of thermodynamics. The detailed study 
of these topics is beyond the scope of this 
Unit. However, we will now try to study 
some general principles of thermodynamics 
and their applications to some familiar situa¬ 
tions. So we begin with the development of 
topics which are pie-requisites for this study, 

11 1 Temperature 

Consider two bodies, A and B. Body A be 
such that it feels cold to the hand, and body B 
be such that it feels hot to the hand. We then 
say that the body B is at a higher temperature 
than the body A Let the two be kept in con¬ 
tact with each other After some time we will 
find that both A and B give the same tempera¬ 
ture sensation, and we then say that the two 
are in thermal equilibrium with each othei. 

The test for the thermal equilibrium of two 
bodies is to use a third body which should be 


such that it does not appreciably distuib the 
Iheimal stale of either of the bodies.-' Suppose 
body A IS in theimal equilibrium with a body 
C, say a thermometer, and body B is also in 
thermal equilibrium with body C, the thermo¬ 
meter, then A and B are in thermal equilibrium 
with one another This statement is known as 
the Zeroth Law of Theimodynamics. 

11.2 Heat Energy 

Drop a hot body in a vessel containing cold 
water The water warms up till the tempera¬ 
ture of the tAVo becomes the same This change 
in temperature is due to the fact that energy 
flows from the hot body to cold body. This 
flow of energy from one body to the other, 
which takes place by virtue of their tempera¬ 
ture difference alone, is called heat energy, or 
just heat for short. The hot body and the cold 
water, if considered separately, do not have 
any heat energy though they do have energy. 
Heat energy becomes evident only when energy 
flows from one to the other. When the two 
attain a common temperature; the quantity of 
heat energy transferred will be zero and the two 
systems will be in thermal equilibrium. In 


*Th:s means the heat capacity, i.e., mass into specific heat, of the test body shoud be much smaller 
than that of the bodies v»hose temperature it has to measure, 
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thermodyiiamics, an adiabatic’*' process is one 
m which there is no tiarisfer of heat energy. 

Conventionally, the quantity of heat energy 
transferred to a body is said to be positive 
(+Q), and that transferred from a body is said 
to be negative (—Qh 

Till recently, the unit of heat eneigy was 
the calorie. It is usually defined as the quantity 
of energy required to raise the temperature of 
1 g of water through TC. However, it has re- 


Vf 

W-=|pdV 

... ( 11 . 1 ) 

Is this work done a positive or a negative 
quantity ? We make use of the following con. 
venlion. 



cently been internationally agreed to express all 
energy changes in the energy unit, the joule (J). 
A joule is defined as the work done when a 
force of one newton acts through one metre. 
The relation between the two is : 1 calorie 
=4.18 joules. If the amount of heat energy 
supplied to a system is 5 caloiies, then Q= 
20.9J 

11.3 Work 

Consider a cylinder having a movable pis¬ 
ton (Fig. 11.1). Let it contain one gram mole 
of a perfect gas. If the pressure exerted by the 
gas be P and the area of cross-section of the 
cylinder be A, then the force exerted by the 
gas on the piston will be PA. If due to this 
force the piston moves an infinitesimal distance 
m, then the corresponding work done will be 

dW=PA dl 
=PdV 

where dV is the infinitesimal volume change 
Ad/. What will be the work done if the piston 
moves a finite distance? Consider the case 
when the piston steadily moves through a finite 
distance and the volume of the gas increases 
from Vi to Vf. If the process is carried out 
slowly, W will be given by 


I 

I 



Fig. 11.1 Expansion of ga? inside a cylinder 


*a—not, dia—through, bates=heal ~~ 

Adiabatic is a Greek word meaning heat not passing through. 
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In thermodynamics, an object or a group 
of objects under consideration is referred to as 
a system and everything external to the system 
is called the surroundings. 

So in our discussion the cylinder with the 
piston containing gas constitutes the system. 
Conventionally, the work done by a system is 
taken to be positive. 

Let us consider the converse process 
Suppose the gas is compressed by adding 
weights on the piston; then the work done W' 
will be 

V't 

W'-=|P' dV 

V'l 

Where p'is the pressure excited on the gas. 
In this case the work is done on the system 
and conventionally W' will be negative. 

The above concepts are illustrated in the 
following example. 

Example 11.1 

Three moles of an ideal gas kept at a 
constant temperature of 300k aie compressed 
from a volume of 4 litres to a volume of I 
litre Calculate the work done in the process. 

Vf 

W=jPdV 

Vi 

Since PV=nRT, foi an ideal gas, we get 
Vi 


Vi 

=nRT loge 

Vi 

Since n=3 mole, T=300 degree, 


R=8.31 J/mole deg. 

and logeX=2.3 log^oX we get 

W=3x 8 31x300x2 3 logiol/4 

= —10320 J 

The negative sign indicates that work is 
done on the system. 

In the above we considered the process of 
expansion of the gas and calculated the work 
done in the process We used the relation 
PV=nRT. The analytical method would fail 
where the relationship between P and V is not 
known In such cases the same can be done 
graphically as described below. 

Indicator diagram 

Consider the system in which the gas exerts 
pressure on the piston of the cylinder (Fig. 
11.1) Let the volume of the gas increase very 
slowly In order to represent the process 
giaphically, let the volume V be plotted 
along, the abscissa and the pressure P along 
the ordinate. By plotting the values of P 
and V for successive positions of the piston, 
the process can be represented by a curve as 
in Fig. 11.2. 




Fig. 11.2 Indicator diagram 
The area under the curve gives the work 
done m the piocess, PdV. Such a diagram in 
which pressure is plotted along the ordintae 
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and volume along the abscissa is called a P-V 
diagram, or an indicator diagram. 

11 4 Work and Heat 

We have seen that both heat and work are 
measured in the same units, namely joule. So 
the question arises what is the relation between 
the two quantities. Joule was one of the early 
scientists who cxpeiimentally studied this. He 
proceeded as follows 

A lod to which some paddles are attached 
was mounted in a cylinder containing water. 
The rod could be revolved by a thread and 
pulley arrangement as shown in Fig. 11.3. The 



Pig. 11.3 Appniatus for Joule’s experiment 

water got healed on revolving the rod. The 
quantity of heat gained by the water was 
calculated by noting the rise in temperature. 

The quantity of work done m revolving the 
rod was also calculated, by noting the distance 
through which the weights fell. By applying 
necessary corrections for the heat energy lost 
.in radiation, frictional losses, etc., Joule 


concluded that a definite relation exists between 
the work done and the heat gamed. Mathe¬ 
matically, he expressed this relation as 

W=JH ..(11.2) 

where W is the work done in joules, H is 
the heal gained in calorics and J is a constant. 
J is called the mechanical equivalent of heat 
and ftom his experiment Joule determined its 
value as 4.18 joules per calorie. 

So we see from above that heat and work 
arc inter-related and all of the work done can 
be converted into heat. What about the 
converse process? Can all of heat supplied be 
converted to work? We will discuss this 
later. 

11.5 Internal Eneigy ^ 

We know that work and heat are both some 
form of energy and the two are inter-conver- 
lible. Let us consider the case of compression 
of a gas enclosed in a cylinder with a moving 
piston When the piston is pushed by doing 
some work, the gas gets compressed and its 
temperature rises. If the walls of the system 
are thermally insulated (Fig. 11.4) no heat will 
be transferred i.e the process will be adiabatic. 
The work done in the system gets converted into 
another form of energy winch is called the 
internal energy of the system and the total 
energy remains conserved Most of the internal 
energy is due to the kinetic energy arising from 
the motion of the molecules inside the system. 
When a thermodynamic system changes fiom 
one state to another, its internal energy also 
changes. The changes in the internal energy 
when the system changes from one state to 
another depends only on the initial and final 
states of the system. Internal energy is denoted 
by the symbol U. We can summarise the 
above by stating that in an adiabatic process 
the mechanical work (—W) done on the system 



thermodynamics 

1^ tact with a hot body or' co:,- 

^ ■' absorbs a quantity Q 



^'g- 11.4 Apparatus for adhbnr 
phase, say fioni hquid to " 
discuss It white studying L??”"''- 
dynamics. ® of thermo- 

"sed in themodynamms^hT^'^'h 

J^Qtroduced. Besides, we JearnTth r" 

be converted into heat anH 

relation exists between the i ^ definite 

proceed to discuss the Jaws'^of 

heat into work. conversion of 



P>S. 13.5 Absorpuon of heat by a gas 

^"Closed in a cylinder 
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On absorption of heat the tempeiature of 
the gas will rise and it will expand In the 
process the piston will be pushed upwards and 
in doing so the gas does some work (W), and 
the internal energy of the gas increases from 
Ui to Uf. 

The amount of heat energy absorbed by the 
gas (+Q) is used by it m doing external work 
(+W) and increasing its internal energy by 
(Uf— Ui). Since the total energy has to be 
conserved we can write 

Q=W+(Uf-Ui) ..(11.4) 

The above equtaion mathematically repre¬ 
sents what IS known as the first law of 
thermodynamics. It can be stated in words as 
follows. If heat is supplied to a system which 
IS capable of doing work then the quantity of 
heat absorbed by the system will be equal to 
the sum of the external woik done by the 
system and the increase in its internal energy. 

11.7 Applications of the First Law of 
Thermodynamics 

{a) Boiling pi ocess 

Let us apply the fiist law ofthermodynamics 
to the boiling process. We know that on 
adding heat a substance changes Us phase from 
liquid to vapour. Foi example, on being 
heated, water boils at 373K at atmospheric 
pressure. 

Consider the vaporization of a mass m of 
a liquid at constant temperature and pressure, 
P. Let Vi be the volume of the liquid and Vt 
that of the vapour. The work done (W) by 
the liquid in expanding will be given by 
'W=P (Vf-Vf). 

Let the heat of vapourization be L. It 
represents the heat needed per unit mass to 
change from liquid to vapour phase at constant 
pressure and temperature. The heat absorbed 
Q by the liquid will be given by Q===mL 


By applying first law of thermodynamics to 
the process, we get 

Q=Uf-Ui+W 

or mL=Uf-Ui+P(Vr-Vi) 

Knowing m, L, P, Vf and Vi gain in internal 
energy can be easily calculated. 

(b) Specific heat i elation 

While studying the Unit on Kinetic Theory 
of Gases we discussed the equation Cii—Cv=R, 
We will now see how this equation can be 
obtained by thermodynamic considerations. 

The specific heat of a substance is defined 
as the heat per unit mass required to laise its 
temperature by one degree. Accoidingly, the 
specific heat of one mole of a gas is called 
molar specific heat C. 

Consider n moles of an ideal gas If its 
temperature is laiscd by an amount dT at 
constant volume then the heat transfeircd is 
nCvdT where Cv is the molar specific heat at 
constant volume. Since there is no change in 
the volume the woik done in the pioccss will 
be zero. 

By applying fust law of theiiuodynamics 

dQ=dU-|-PdV 

We gel nCvdT=dU 

Next, instead of keeping the volume cons¬ 
tant let the same gas be heated by keeping the 
pressiue constant. The heat lequiied to change 
its temperature by the same amount will now 
be nCpdT, where Cp is the molar specific hear 
at constant pressure, The work done in 
expansion will be PdV. By applying the first 
law to the process we get 
nCpdT=dU+PdV. 

We can assume that the change moie in the 
internal energy of an ideal gas is entirely due 
to change in its kinetic energy. We have learnt 
m the Unit on Kinetic Theory of Gases that 
the change in the kinetic energy of an ideal gas 
depends only on the change in the temperature. 



THERMODYNAMICS 


7 


In the above, since the change in temperature 
dT IS the same, dU will also be the same in 
both the cases. Substractmg one from the 
other, we get 

nCpdT~nCvdT-=PdV 

Since for an ideal gas pV=nRT, we can 
write PdV=nRdT. So we have 
n(Cp ~Cv) dT=nRdT 
or dp—Cv”R 

11.8 Conversion of Heat into Work—Heat 
Engine 

Consider the familiar case m which steam 
is used to do work. The working substance is 
steam and the heat engine i e. the mechanical 
device with the help of which steam undergoes 
a cycle, is the steam-engine. The heat is taken 
from the boiler and part of it rejected to the 
surrounding atmosphere. 

In general a system which is used to 
convert heat into work absorbs a quantity of 
heat Qi, performs an amount of work W and 
returns to the initial state after rejecting some 
heat Q 2 (Fig. 11.6). The reservoir of heat 
from which it absorbs heat is at a higher 
temperature and is called the source. The 
reservoir of heat to which it rejects heat is at a 
lower temperature and is called the sink. The 
magnitude of the source and the sink is so 
large that their temperatuie remain unchanged 
because of any heat supplied to them or 
removed from them. 

While discussing about the work done by 
an engine it is useful to consider the work 
done in each cycle. In thermodynamics by a 
cycle we mean an operation satisfying the 
following conditions. The system starting 
from an initial state is brought back to the 
same state after undergoing through a series of 
processes. The system does not retrace its 
path and its indicator diagram is a closed curve 


and not a line. All the properties of the system 
remain unchanged duiing the process. 



The work done by a heat engine will be 
larger if more and more work is do ne in each 
cycle of the engine. More precisely we say that 
the work done by an engine is larger if its 
thermal efSciency is higher. Thermal efficiency 
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of an engine, is defined as 


efficiency 


work output (W) 
heat input (Qi) 

...(11 5) 


We can substitute for W using the first law 
of thermodynamics Since the system returns 
to its initial state after completing the cycle 
there is no change in its internal energy So 
we can equate the change in the heat energy of 
the system to the amount of woik done by the 
system. 

or Qi—Q 2 =W 
So we can write 


or l=l-§ -(11-6) 

The value of v] is found to be always less 
than unity. Why is it so ? This we will 
discuss below in our study of second law of 
thermodynamics. 

11.9 Second Law of Thermodynamics 


We have seen that heat flows from a body at 
higher temperature to a body at lower tempe¬ 
rature, But it is common knowledge that heat 
does not flow from a body at a lower tempe¬ 
rature to the one at a higher temperature. 
Why? 

We have seen that when work is done m 
rotating a paddle kept in a beaker containing 
water, the water gets heated. But why is that 
when a paddle is kept m a beaker containing 
hot water no mechanical work is done ? 

We know that heat engine converts heat 
into work But why is it that the efficiency 
of an engine is always less than unity ? 

All these questions lead us to second law 
of thermodynamics 

We know that if an engine is to work conti¬ 
nuously and more and more work has to be 
done, eithei the working substance should be 
inexhaustable or, it should work in a cycle. 


Since the first possibility is not practicable we 
will have to consider an engine working in a 
cycle In practice it is seen that no engine ever 
developed working in a cycle extracts heat 
from a hotter body and converts all of it into 
woik without rejecting some heat to a sink at 
lower temperature. All of the heat extracted 
from the source has never been converted into 
work. These observations were generalised by 
Kelvin and also by Planck. Their statements 
can be combined into one equivalent statement, 
as “It is impossible to construct an engine, 
operating in a cycle, which will produce no 
effect other than extracting heat from a reser¬ 
voir and performing an eqiiivalant amount of 
work.” This statement is known as Kelvin- 
Planck statement of the second law of thermo¬ 
dynamics 

The above law implies that the working 
substance working in a cycle cannot convert all 
of the heat extracted into work. It has to 
reject some amount of heat to the sink. So in 
Older to convert heat into work it is essential 
to have both a source and a sink Since all of 
heat extracted is never converted into work it 
follows that the efficiency of an engine is never 
unity. Of course -q can never be more than 
one because this implies that Q 2 is negative i.e. 
the working substance extracts heat both from 
the source and the sink and rejects no heat, 
which we know by second law, is absurd. 

11.10 Second Law and Refrigerator 

We saw that in a heat engine the working 
substance, working m a cycle, absorbs some 
heat energy from a hot reservoir, converts part 
of it into work and transfers the rest to the 
sink. In practice, it is possible to construct a 
device which acts in the reverse way In this 
the working substance absorbs some heat from 
a sink at low temperature and on some 
work being done on it a larger amount of heat 
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IS rejected to the rcseivoir at highei tempe- 
laturc Such a device is called a lefngerator, 
and its working substance is called the lefiigcr- 
ant. The working of a refrigerator can be 
briefly described as follows 

Let the quantity of heat absorbed by the 
refrigerant at a lower temperature be Qj (Fig. 
11 7). The work done on the refrigerant be W. 



The heat rejected by the refrigerant be Qj. The 
substance is working in a cycle such that there 


IS no change in its mteinal energy Substituting 
these quantities in the mathematical form of 
the first law equation (Eq. 11 4j, we get 

Qe-Qi—W 

or Qi=Q 2 +W .(11.7) 

This equation implies that it is alway^ neces- 
saiy to do work on the substance in order to 
transfer heat fiom a sink to the source 

In household refrigerators the work is done 
by an electric motoi The working substance 
commonly used in it is freon It absorbs heat 
from materials kept inside the icfrigerator and 
1 ejects It to the suirounding air which is at a 
higher temperature 

11.11 Reversible Process 

In theimodynamics a process is said to be 
reversible if it can be retiaced in the opposite 
direction such that the system and the surro¬ 
undings pass through exactly the same states 
at each stage as in the direct piocess. After 
the conclusion of a process, the system and the 
surroundings are lestored to then initial state 
without producing any change in either of 
them A reversible process has to be done 
very slowly such that it satisfies the following 
requirements at every stage of the process. 

(a) The system is m mechanical equili¬ 
brium, 1 e there is no unbalanced 
force in its interior or between the 
system and the surroundings. 

(b) The system is in thermal equilibrium, 
i.e all parts of the system and the 
surroundings ate at the same ternpe- 
ratuie. 

(c) The system is in chemical equilibrium, 
1 e. it does not spontaneously change 
the internal structure due to chemical 
reaction, diffusion, etc. 

Since any system which satisfies the above 
three conditions is said to be in thermodyna- 
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mic equilibrium the above conditions may be 
summarised as follows. A reversible process 
at every stage during the process should be in 
thermodynamic equihbiium. Besides of course 
a reversible process should be devoid of any 
dissipative effects such as fnctional losses, etc. 

Let us consider some common processes. 
Motion of a body in the giound is irreversible 
because the eneigy spent m overcoming friction 
IS not recoverable. Similaily stirring of a liquid 
and conduction of heat are irreversible as 
some energy is lost due to radiation. We can 
generalise that most natural processes are 
iireversible. All chemical reactions are irrever¬ 
sible because they involve change in the 
internal structure of the constituents. The 
constituents cannot be restored unless there is 
energy transfer from outside. 

11,12 Carnot Engine 

We have learnt before that the efficiency of 
a heat engine is always less than one. This 
leads us to the question as to how to operate 
an engine so that its efficiency is maximum. 
Let us try some possible solutions. Suppose we 
have a heat engine which works isothermally 
and that the working substance is an ideal gas 
Then on absorbing heat from the source, the 
gas will expand to do some work. In order to 
do more work, the size of the engine will have 
to be continuously increased and this is not 
practicable. Alternatively the engine must 
work in a cycle. But when the working sub¬ 
stance IS brought back to the initial state by 
doing external work the indicator diagram for 
the complete cycle will just be a line. Area 
enclosed in the curve will be zero and so no 
net work will be done in the process. 

Next, let us suppose that the heat engine 
works adiabatically. On compression the 
temperature of the gas will rise. The comp¬ 
ressed gas will do some work. If the gas is 


brought back to Us original state along an 
adiabatic then dQ=0, dU —Oandfiom the first 
law of thermodynamics it follows that no net 
work will be done in the process. 

So the question remains as to how to ope¬ 
rate the engine m an efficient way. Sadi 
Carnot, a French engineer, worked on the idea 
that if the indicator diagram of an engine is 
made up of suitable combination of isother- 
mals and adiabatics then more and more work 
can be done. He described how to carry out 
a set of operations so as to achieve the maxi¬ 
mum possible efficiency in a heat engine. 
These set of processes constitute the Carnot 
Cycle. Any engine which operates by per¬ 
forming these processes is called a Carnot 
engine. Its working is briefly described 
below (FJg ll.S). 



P 


I Sg I Q2 

Fig. 11.8 Carnot engine 

Let Si be the source at temperature Qi, Sj 
the sink at temperature Q 3 , C be the cylinder 
of the engine fitted with a non-conducting 
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piston and P be a non-conducting cap which 
can be screwed to the bottom of the cylinder. 
Let all the sides of the cylinder, excepting 
its bottom be non-conducting. 

Let the working substance inside the cylin¬ 
der be a perfect gas The behaviour of the 
working substance during the four successive 
stages of the operation is described m Fig. 11.9. 



V 


Fig, 11.9 Carnot cycle 

In the first stage, the insulating cap is lemo- 
ved from the bottom of the cylinder The gas 
is kept in thermal contact with the source at 
temperature Qj. The initial pressure and 
volume of the gas are represented by the point 
A in the indicator diagram. Let the gas be 
allowed to expand such that the piston moves 
very slowly, the gas expands steadily and the 
process is reversible. As the gas expands its 
temperature tends to fall. But since it is kept 
in thermal contact with Si, it will absorb a 
quantity of heat Qj. So all throughout 
the process of expansion the temperature of 
the gas Will remain 0i Incidentally any 
process in which the temperature remains the 
same throughout is called an isothermal 


process. During this isotheimal expansion let 
the representative point move fiom A to B 

At this stage when the lepresentative point 
IS at B the second stage of the operation 
begins. The insulating cap P be fixed on the 
bottom of the cylinder such that there is no 
heat transfer from the gas. But the piston will 
continue to move through some distance 
because of inertia. This motion is reversible. 
All through the process of adiabatic expansion 
due to inertial motion, there is no transfer of 
heat, to or from the gas. During an adiabatic 
expansion, terapeiature will fall and let the 
tempeiature of the gas at the end of the expan¬ 
sion be 02, the temperature of the sink. Let 
the representative point move during this adia¬ 
batic process from B to C. 

At the point C the pressure of the gas is 
quite diminished. In order to enable the gas 
to do more work, it is necessary to bung it 
back to the original state represented by the 
point A This compression is done very slowly 
during the third and the fourth stages. 

During the thiid stage of the process, the 
cap P is removed fiom the cylinder and the 
gas is kept in thermal contact with the sink at 
temperature 02 The gas is compressed isothet- 
mally Though during compression the 
temperature of the gas will tend to rise, it will 
remain constant at 02 because heat developed 
IS transfeired to the sink Let the quantity 
of heat transferred to the sink be Qa. During 
this isothermal compression the representative 
point will move from C to D. 

At this point the fourth stage of the opera¬ 
tion begins. The cap P is replaced on the 
bottom of the cylinder. The gas is then further 
compressed in a reversible process. Since the 


* ISO equal, thermo heat, isotherm is the Jocus of points representing states of a system which are in 
thermal equilibrium with one state of some other system or isotherm is a locus of points having equal tem¬ 
perature; isothermal-pertaining to isotherms. 
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process is adiabatic, temperature of the gas 
will rise The gas is compressed till the oiigi- 
nal state is reached, i.e. till the representative 
point reaches the initial point A. Thus the 
cycle IS completed. The work done by the 
engine during the cycle is given by the area 
enclosed by the cuive. The gas can be taken 
through the cycle again and again and more 
and more work can be done 

11.13 Efficiency of a Cainot Engine 

The work done by the gas during the cycle 
will be equal to the area under the closed 
curve ABCDA It follows fiom the flist law 
of thermodynamics that since the system is 
brought back to the initial stage, there is no 
change in its internal energy So this woik 
done, W will be equal to Qi—Qa, i e. the 
difference between the heat supplied to the 
system and the heat rejected by the system 
So we can write 
W=Qi-Q, 

■. the efficiency of the Carnot engine will be 

_ w ork done _ W 
heat supplied ~ Qj 

_ Qi—Q 2 

“ Qi 


By calculating the values of Qj and Q 2 , it 
can be shown that 

Qj _ 

Qi ~ 01 

Where and 63 
perfect gas scale. 

So we can write 

1 0a 

. .(I1.9) 


H.14 Reversibility of Carnot Engine 

While describing the Carnot engine we con- 
sideied four reversible operations AB, BC, 
CD and DA. Let us now discuss the reverse 
process, AD, DC, CB and BA To start with 
let the working substance represented by the 
point A be allowed to expand along the adia¬ 
batic AD. During this reversible process its 
eraperature will fall from Bj to 

When the representative point is at D the 
cap is removed and the gas is allowed to 
expand along the isothermal DC in a reversible 
piocess by keeping it in contact with the sink 
at 02 . The gas absorbs a quantity of heat 
and maintains its temperature 63 

When the representative point reaches C the 
cap IS inserted and the gas is compressed along 
the adiabatic CB. During this reversible pro¬ 
cess the temperature of the gas will rise to Bj. 

When the repiesentative point reaches B 
the cap IS removed, the gas is kept in thermal 
contact with source and is further compressed 
along BA. In this reversible process, the gas 
rejects a quantity of heat Qi to the source. 

In the above set of processes the engine 
takes heat (Q 2 ) from the sink and on some 
work (W) being done on it, it rejects heat (Qi) 
to the soiiice at higher temperature. The 
engine, therefore, acts like a refrigerator 
(Art. ll.lO).The system and the surrounding 
have returned to the original state A So it fol¬ 
lows that Carnot engine is a reversible engine. 

It can also be shown that no engine is more 
efficient than a Carnot engine and that efficien¬ 
cy of all reversible engines is the same as 
that of Carnot engine. In the above wm have 
considered perfect gas as the working substance. 
However, it can be shown that efficiency of a 
reversible engine is independent of the nature 
of the working substance. 

All engines used in practice such as steam 


( 11 . 8 ) 

are temperatures on the 
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engine, diesel engine, etc., are irreversible and 
their efBciency is less than that of a Carnot 
engine 

11.15 Radiation 

We know that there are three principal 
modes of transfer of heat energy, namely, con¬ 
duction, convection and radiation. Conduction 
of heat through a material is caused by the 
transfer of heat from particle to particle and 
does not involve any motion of the molecules of 
the material itself In convection heat is pro¬ 
pagated through the material by the actual 
motion of the molecules of the mateiial In 
radiation heat is transferred fiom one body 
to the other even in the absence of any medium 
in the intervening space 

Radiation is only a means of transfer of 
energy by transverse electromagnetic waves. 
It IS similar in nature to light waves, radio 
waves, etc But in this unit we are mainly 
concerned with the^-mal radiation i.e. transfer 
of energy by electromagnetic waves in the 
infra-red region 

11.16 ' Emission and Absorption of Radiation 

Radiation emitted by a body depends on 
the nature of its surface A dull blackened 
surface is a better emitter of radiation than a 
silvered polished surface. Radiation emitted 
is directly proportional to the size of the 
surface A body at higher temperature will 
emit more radiation than that at a lower 
temperature. The energy emitted by a body 
can be expressed m terms of the emissive 
power of the surface 

For a given temperature of a body if 
IS the emissive power of the surface then the 
radiant energy emitted per square metre per 
second between wavelengths A and A-hdA 
will be ‘^idA, 


By experience we know that a bright 
polished surface reflects most of the radiation 
falling on it and a rough black surface absorbs 
most of the radiation falling on it Different 
surfaces absorb radiant energy differently 
We define the absorptive power of a sur¬ 
face for a given tempeiatuie and wavelength 
A as the ratio of the radiation absorbed to 
the radiation incident on it between A and 
A+dA 

11 17 Blatk-hody 

If a body absorbs all the ladiation falling 
on it without reflecting or transmitting any of 
it, then it is said to be black In other words 
the absoiptive power of a black-body is unity. 

It is impossible to get a perfectly black 
body but some devices can be made to serve as 
perfectly black bodies. For example, a cavity 
in the form of a hollow sphere with its inside 
coated with black mateiial and a small conical 
opening (Fig 11 10), may be considered as a 





Fig. 11.10 black-body 

perfectly black body li absorbs almost al) 
the radiation falling inside it and we cannot 
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see what is inside the cavity. The intensity 
of the radiation coming out of the hole depends 
only on the temperature of the cavity. 

The black body commonly used in practice 
consists of a metallic chamber made of brass 
or platinum and blackened inside. It is 
electrically heated using heating element. The 
radiation coming out of a small hole m the 
chamber is used for experimental purposes. 

11.18 KirchoIF’s Law 

Consider a body which is in thermal 
equilibrium with the surroundings. It emits 
some radiation as well as absorbs some radia¬ 
tion falling on it. Since its temperature is 
supposed to be constant, its late of emission 
must be equal to rate of absoiption. For the 
given temperature of the body if e;^ is the 
emissive power of the surface then the energy 
emitted per square metre, per second, between 
A and A-|-dA will be e^ dA. 

Let the energy falling on unit area per 
second within the same wavelength range and 
temp^eratuie be dQ. If for the given tempera¬ 
ture *the absorptive powei is a;^ then the total 
energy absoibed per unit area per second will 
be ax dQ. 

Since it is assumed that the body is in 
thermal equilibrium, we can write 
dA =aj^ dQ 



We know that for any given temperature, 
dQ is a constant. So for a fixed range of 
wavelength dA, dQ will be a constant. This 
e, 

implies that ~z. is a constant. This is true 
ax 

for any surface. If we consider a perfectly 
black surface then 

a=l and its emissive power will be Ex. So 
we can write 


—-=^ = Ex ...(11.10) 

We can generalise this equation as follows. 
“For any given temperature and wavelength 
the ratio of the emissive power to absorptive 
power IS the same for all substances and is 
equal to the emissive power of a perfectly black 
body at that temperature”. This law was first 
deduced by Kirchoff and is therefore known by 
his name. If the rediation covers a wide range 
of wavelengths then this law holds good for 
each wavelength considered, separately. This 
law implies that if a body is a good absorber 
of a particular wavelength of light then it 
should also be a good emitter of that wavelen¬ 
gth. This law has many practical applications. 

1119 Applicalions of Kirchoff’s Law 

If a polished metal piece with a black spot 
on it IS heated to about 1200K and then 
suddenly transferred to a dark room the black 
spot will appear brighter than the polished 
surface. This is because the black spot being 
a better absoiber is also a better emitter. 
Similarly, when a polished green glass plate 
which absorbs more of red component of the 
light when heated to a high temperature 
in a furnace and taken out glows with a red 
light. 

Kirchoff’s law is of great help to study the 
a mosphere of the sun. Its role is illustrated 
by the following experiment. When a white 
light is viewed through a sodium flame using 
a spectroscope in the laboratory two dark lines 
are obseived in the continuous spectrum. Next 
if a flame tinged with NaCl is observed in the 
spect:^oscope two yellow lines are seen exactly 
in the same position where dark lines were 
observed before. This phenomenon is used to 
explain the dark lines in sun’s spectrum. 

The central body of the sun consists of 
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glowing mass which emits a continuous spec¬ 
trum without any dark lines. When this light 
passes through sun’s atmosphere which is at a 
lower temperature, many elements present in 
it absoib their characteristic wavelengths and 
dark lines will be seen m those regions of the 
spectrum These dark lines were first studied 
by Fraunhoffer and are therefore known by his 
name. They are characteristic of different ele¬ 
ments present in sun’s atmosphere. By study¬ 
ing emission spectra of different elements m 
the laboratory and comparing them with sun’s 
spectrum, the elements in the sun’s atmosphere 
can be identified. 

11.20 Stefan’s Law 

The total energy emitted by a black body 
depends only on its temperature The exact 
relation between the two was deduced by Stefan. 
He stated that the energy emitted per square 
metre of a black body per second is propor¬ 
tional to the fourth power of the absolute 
temperature, i.e. 

E = (T T* ...(11.11) 

where o is a constant, called Stefan’s constant 
and has the value 5.735X10® J/mVsec/deg"'. In 
order to calculate the net energy lost by 
a hot body the above law can be generalised 
as follows. “If a black body at absolute tempe¬ 
rature T IS surrounded by anothe black body 
at absolute temperature To the amount of 
energy Enet lost per second per square metre by 
the body at higher temperature is given by 

Enet=«(T*-To‘) ...(11.12) 

The theoretical proof of the above equation 
(11.11)) was later given by Boltzmann and so 
the law IS also called as Stefan-Boltzmann law. 
This law is commonly used in estimating the 
temperature of hot bodies as described in the 
article on pyrometers. 


11.21 Experimental Study of Black-body 
Radiation 

The distribution of energy of the radiation 
emitted hy a hlack body among the different 
wavelengths of the spectrum has been experi¬ 
mentally studied The details of such measure¬ 
ments earned out by Lummer and Priagshein 
are briefly described here. 

The source of black body radiation is an 
electrically heated chamber The temperature 
of the source is measured using a thermo-couple. 
The radiation is dispersed into a spectrum by us¬ 
ing a fluorite prism. The wavelength at different 
regions of the spectrum can be calculated by 
the known formula foi dispersion. The inten¬ 
sity of spectrum at different regions is measured 
using a sensitive platinum resistance thermo¬ 
meter called the bolometer. The electrical 
resistance of the resistor in the bolometer chan¬ 
ges with the temperature, and indicates the 
emissive power e;^ of the source between the 
wave length X and A-f dA. 

The distribution of energy of the spectrum 
for different temperatures in the range 723 K 
to 1046 K are shown by the curves in Fig. 11 11. 
Here the wavelength in microns is plotted along 
the abscissa and the emissive power Ea, along 
the ordinate. 

A study of the curves clearly indicate two 
facts. The first indication is that Ea increases 
with temperature for all wavelengths. The 
second indication is that each curve has a defi¬ 
nite maximum, Em and Am shifts towards 
smaller wavelengths as temperature increases. 

The above findings support some interesting 
experimental observations. They justify why 
when a body is being heated its colour chapges 
from red to white. They also support Stefan’s 
law. The area enclosed between the curve and 
the abscissa represents the total radiation emit¬ 
ted by the body at a particular temperature T. 
By making necessary measurements it can be 
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seen that the area varies at T‘‘, and this is 
Stefan’s law, 



Fig 11.11 Energy distribiilion in a black-body 
spectra ni 

11 22 Wien’s Displacements Law 

It was observed from Fig, 11,11 that Am 
shifts towards lower wavelengths as the tempe¬ 
rature is increased This obseivation can be 
quantitatively expressed by the equation. 

AmT=constant . (11.13-j 

Wien derived this equation on the basis of 
therniodynannc considerations and hence this 
is known as Wien’s displacement law. 

The constant is found to have the value 
28,84 X 10'® n-deg. 


Wien’s law can be used to determine the 
temperatuie of the sun and stars. For example, 
investigations have shown that Amax for the sun 
IS 4753 A" On .substituting this value m Wien’s 
law the temperature of the sun comes out to 
be 6050 K. This value is slightly higher than 
the currently accepted value and this is because 
of the inheient assumption while using Wien’s 
law that sun is a black body. 

11.23 Pyrometers 

Laws of radiations such as Stefan’s law and 
Wien’s law can be used to estimate temperature 
of hot bodies But the temperature thus cal¬ 
culated will only be approximate because these 
laws are applicable strictly to black bodies and 
the actual hot bodies are seldom black. 

Instruments developed to measure high 
lemperatuics using emitted radiation arc called 
pyrometers. These dilfei from other instruments 
such as thermometers, theimocoupJes, etc in 
that they are not to be in contact with the hot 
body They can raeasuie tempeiatiire howso¬ 
ever high and the lower practical limit for ra¬ 
diation pyrometers is about 900K. We will now 
briefly describe how to measure high tempera¬ 
tures using a pyrometer. 

A typical radiation pyrometer is shown in 
Fig. 11.12. The beam of radiation from the hot 
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body enters the instrument through the aper¬ 
ture AA. The concave mirror converges the 
beam. This focussed beam is made to pass 
through a limiting diaphagram D before it is 
incident on the thermocouple. The E.M.F of 
the thermocouple is recorded on a millivolt- 
meter connected to the terminals of the thermo¬ 
couple. 

The E.M.F developed is proportional to 
the temperature difference between the hot and 
the cold junctions. If T and T^ are the tempe¬ 
ratures of the hot body and the receiving 
junction, respectively, then the E.M F. 


developed should be proportional to T*—T^*. 
Since T is very large as compared to To, To^ 
can be neglected in comparision to T*. 

In practice it is found that E.M.F. is not 
exactly proportional to the fourth power of 
the absolute temperature of the source. Some 
of the reasons for this discrepancy are : (i) the 
source is not a black body, (li) To^ is not 
zero, and (iii) stray radiations and conduction 
of heat raise the temperature of the cold junc¬ 
tion. So, before use, the pyrometer has to 
be suitably calibrated, and it is found that the 
value of the power vanes from 3.8 to 4.2. 


Exercises 


11.1 Distinguish clearly between temperature and heat. 

11.2 In a joule experiment two weights of 5 kg each fall through a height of 3m and 

rotate a paddle wheel which stirs 0 1 kg water. What is the change in the 
temperature of the water ? (0.7K) 

11.3 A lead bullet weighing 20g and moving with a velocity of lOOm/s comes to rest 

in a fixed block of wood. Calculate the heat developed and the rise in tem¬ 
perature of the bullet assuming that half the heat is absorbed by the bullet. 
The specific heat of lead is 0.03. (23.8 cal, 19.9K) 

11.4 Ig of water at 373K is converted into steam at the same temperature. The 
volume of 1 cc of water becomes 1671 cc on boiling. Calculate the change in the 
internal energy of the system if the heat of vaporisation is 540 cal/g. (499 cal) 

11.5 Apply the first law of thermodynamics to obtain an expression for the change 
in the internal energy during the melting process 

11.6 Discuss whether the following phenomena are reversible : 

A. Waterfall 

B. Rusting of iron 

C. Electrolysis. 

11.7 Give two examples of a reversible process. Discuss their reversibility. 

11.8 What is meant by a reversible engine ? Explain why the efficiency of a reversi¬ 
ble engine is the maximum, 
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119 A steam engine takes steam from the boiler at 500 K and rejects it to tlic air at 
373K What is its efficiency ? (25.4%) 

11 10 In a refrigerator heat from inside ac 277K is transfeired to a room at 300K 
How many j'oiiles of heat will be deliveied to the room for each joule of elec¬ 
tric energy consumed ideally ? (13 joules) 

11 11 What IS meant by the emissive power of a suifacc ? Explain why the radiation 
in a cavity depends only on the temperatuie of the walls and not on the mate¬ 
rial of which it IS made ? 

11 12 Explain how Kirchoff’s law helps to identify the elements m the sun’s atmos¬ 
phere. Why does a piece of red glass, when heated and taken out, glow with 
a green light 

11.13 Wavelength corresponding to Emax for the moon is 14 microns. Estimate the 
temperature of the moon by taking the value of a given in the book (200K) 

11.14 Describe a method to estimate the temperature of a hot furnace 

11 15 Using Stefan’s law deduce Newton’s law of cooling which states that “If the 
temperature difference between a hot body and its surroundings is not large 
then the rate of cooling is pioportional to the excess of tempeiature of the 
substance above the surroundings.” 
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12.1 Intermolecular Intcractioii!i 

In kinetic theory of gases, we have seen 
that matter is composed of minute particles 
called molecules It is assumed that there are 
no forces acting between them. In other words, 
the intermolecular interactions are supposed 
not to exist. But, in fact, these are simplifying 
assumptions. Even for gases, molecules have 
finite size and they interact with one another. 
It is for these reasons that the equation of 
state for a real gas differs from that for the 
ideal gas PV=RT. Van der Waals modified 
the equation of state of an ideal gas by making 
a correction in the pressure'*', The reason for 
this correction is the piesence of intermolecular 
interaction in real gases. This intermolecular 
interaction is therefore known as Van der 
Waals’ interaction. It exists not only in gases 
but also in liquids and even m some solids 
(Art 16 6) There are three general categories 

into which Van der Waals’ interaction can be 
divided ; 

(1) Interaction due to dipole-dipole forces. 

(2) Inteiaction due to induced dipole 
forces (also called induction forces), 

(3) Interaction due to dispersion forces. 


Van der Waals’ inteiactions (each one of 

the above three) vary as -L where r is the m- 

r*’ 

termolecular separation between the molecules. 
The dipole-dipole interaction is the strongest 
of the three and the dispersion interaction the 
weakest Evidently the respective forces vary as 

^with intermolecular separation. 

Before proceeding further it will be worth¬ 
while to have a look at the origin of the iiiterac- 
tions Even though the net charge on the mole¬ 
cule is zero, it is composed of positive and 
negative charges. In spite of the electrical 
neutrality of the molecule, however, the dis¬ 
tribution of positive and negative charges on it 
is not even. The atoms m the molecule are so 
arranged that the centre of mass of the positive 
charges does not fall exactly on the centre of 
mass of the negative charges. 

The positive and negative charges, separated 
by a distance, form an electric dipole. The 
molecular dipole has a dipole moment whose 
behaviour in an electric field is the same as 
that of a magnet in a magnetic field. Mole¬ 
cules having permanent dipole moment, like 
HjO, are known as polar molecules, in contrast 


* Van der Waals also applied a correction in volume due lo the finite size of the molecules, We are here 
not concerned with this aspect 
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to non-polar molecules like CO 2 , O 2 , N 2 , etc. 
Since the dipole-dipole interaction is strong, 
generally polar molecules are liquid under 
ordinary physical conditions (water, alcohol, 
etc.). 

The nature of induction and dispersion 
forces IS difBcult to understand and will not 
be treated at this stage. However, the ultimate 
nature of induction as well as dispersion forces 
is also of the dipole-dipole type. The disper¬ 
sion force, which is the weakest of the three, 
can occur in all cases and even m monoatomic 
gases like argon, etc. 

Thus, it is seen that the molecular interac¬ 
tions are electric in nature. The molecular 
forces are (i) attractive at large distances, and 
( 11 ) have necessarily to be repulsive at very 
close distances. The nature of intermolecular 
forces has been shown m Fig 12.1. The attrac- 



Fig. 12.1 Nature of intermolecular force 

R—repulsive force A—Attiactive foice. 
r—separation 

tive fotce increases rapidly with decrease m 
separation between molecules for larger dis¬ 
tances. Some time it is convenient to imagine 
a small sphere of radius of about lO'^m around 
a molecule and call it its sphere of action 
Since interactions fall rapidly with distance it 
is useful to regard the molecule as exerting an 


attractive force on other molecules lying within 
Its sphere of action and neglect its influence on 
otheis lying outside this sphere In some dia¬ 
grams in this unit this sphere has been shown 
by a dashed circle. 

When the separation becomes too small the 
repulsive forces start dominating even more 
rapidly. Had there been no repulsive forces all 
matter would have collapsed to a point. The 
intermolecular separation (I'e) maintains an 
equilibrium position where the potential energy 
due to repulsion and attraction is a mini¬ 
mum. These repulsive forces are also electric 
in origin and are due to point charges in 
the atoms of the molecule which form the 
molecule. 

The minimum potential energy corresponds 
to ro=ilO~“ m and the repulsive force varies 
more sharply with decreasing intermolecular 

distance, approximately as-4-. 

r® 

The combination of the intermolecular 
forces and thermal motion gives rise to three 
states of matter, i e. solid, liquid and gas. In 
solids the attractive forces are quite strong and 
thermal motions cannot break them away. 
Molecules may stay at one place and vibrate. In 
gases the intermolecular attractive forces are 
so weak that random thermal motion can very 
easily overcome them and molecules are almost 
free to move about anywhere Liquids fall in 
between these two cases. For the sake of 
simplicity a liquid is sometimes visualized as a 
dense gas. The molecules in a liquid are neither 
forced to stay permanently in an equilibrium 
position nor they are free to leave the company 
of other molecules. A molecule inside a liquid 
can slide freely over others without any effort. 

Cohesive and adhesive forces 

The attractive forces between similar mole¬ 
cules discussed above are called cohesive forces. 
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The forces between dissimilar molecules e g, 
the molecules of glass and water are called adhe¬ 
sive forces. The attractions are called cohesion 
and adhesion respectively We can thus define 
a liquid as a state of matter in which the 
molecules can change their position with lespect 
to each other but are restricted by molecular 
forces or cohesive forces so as to maintain a 
fixed volume. It is also known that if we want 
to convert a liquid into vapour, we have to 
supply an extra amount of energy. To separate 
two molecules the energy supplied to them 
should at least be equal to the intermolecular 
interaction energy. Intermolecular energy in 
liquid molecules can be calculated fiom the 
latent heat of vaporization of the liquid. 

Example 12.1 

The latent heat of vaporization for water is 
22.6x10® Joule/kg. Calculate the intermole¬ 
cular binding energy. (Avogadro Number 
N=6X 102® mole-i, 1 Joule=0.62x 10i»eV). 

Solution 

Molecular weight of water=8 

Number of molecules in 1kg of water 

N=-6xl02»/18 = 102V3. 

Energy required to unbound 

N molecules ofwater=22.6xl0+®x0.62 

X lO^^eV 

= 1.4x 10®® eV. 
Intermolecular binding energy 

14xl02®x3 

2020 

=0.4eV. 

12.2 Surface Tension 

A dead fly or a beetle tends to sink to the 
bottom when immersed in water. This indi¬ 
cates that its average density is larger than 
that of water. And yet we see in nature large 
water beetles running on the surface of a lake 
seemingly without wetting their feet. A sewing 


needle placed carefully on the surface of a 
liquid floats at the suiface, though the density 
of the needle’s materials may be as much as 
eight times that of water. A liquid flowing 
slowly from the tip of a medicine dropper 
does not emerge as a continuous stream but as 
a succession of drops. Rain drops, fog drops, 
soap bubbles, etc. assume spherical shapes as 
they fall through the air. All these phenomena, 
and many others of similar nature, are associa¬ 
ted with the existence of a boundary surface 
between a liquid and some other substance. 
Let us now consider the properties of the 
liquid surface. 

From the consideration of a molecular 
interaction we have seen that unlike solids, 
liquids do not have any definite shape of their 
own. Even though weakly, the molecules of a 
liquid interact with one another Liquids attain 
the shape of the container in which they are 
kept. Due to gravitation the surface of a liquid 
is plane and horizontal in a wide vessel. In the 
presence of adhesive forces, that is, interaction 
of the molecules of the material of container and 
molecules of the liquid the shape of the liquid 
suiface IS deformed near the walls of the con¬ 
tainer In narrow tubes, therefore, the surface of 
the liquid appears concave or convex. However, 
in wide vessels, as stated above, the distortion 
which IS only at the boundary is negligible and 
the surface of the liquid is plane. The intermole¬ 
cular (or cohesive) forces discussed m Art. 12 1 
explain the interesting behaviour of a liquid 
(Fig. 12.2 a). It IS surrounded by similar mole¬ 
cules from all the sides. The net force on such a 
molecule is zero. All the molecules inside the 
liquid are in similar approximate environment 
and have more or less the same potential 
energy. Hence, these molecules slide from one 
place to another inside the liquid without doing 
any work. The situation is different when we 
consider a molecule. The molecule B on the 
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surface is attracted by many molecules fiom 
below but there is iio attractive force from 
above the surface (the force due to molecules 




Fig. 12.2 (a) Molecule inside a liquid 

(b) Molecule on the surface of a liquid 

in liquid vapour can be neglected). A molecule 
on the surface will therefore be attracted in all 
directions by the molecules beneath. We can re¬ 
solve all these forces m the vertically downward 
direction The resultant picture is that every 
molecule on the surface is acted on by a verti¬ 
cally downward pull inside the liquid. Due to 
this downward force, the potential energy of the 
molecules on the surface is larger than that of 
those inside. In consequence, the surface of a 
liquid tends to contract as much as possible. 
In other words, the surface of a liquid is under 
tension. In Fig. 12.2 (b) a molecule on the sur¬ 
face is shown to be acted upon by the molecu¬ 
lar forces of the neighbouring surface molecules 
symmetrically in all directions. The net force 
is zero but the surface acts like a stretched 
membrane. Such a tension is measured in a 
stretched membrane across unit length of an 


imaginary straight lined rawn on the surface. 
The surface tension of a liquid therefore is 
defined as the force of contraction across an 
imaginary line of unit length tangential to the 
surface of a liquid, the line and the force being 
perpendicular to each other. The unit of 
surface tension is dyne per cm in c g s. or 
Newton per metre (Nm“i) iu MKS, system. 

Table 12.1 


Surface Tension of Some Liquids 


Liquid In Contact with 

Newtonl metreX 10~^ 

Ohve oil 

air 

35 

Benzene 

air 

29 

Glycerine 

air 

63 

Water 

air 

75 

Mercuiy 

air 

35 


As an example we see that a bug floats on 
water due to surface tension. The bug (Fig. 
12.3) bends its legs on the surface of water 
such that the deformed water surface gives rise 
to forces of surface tension along the directions 
as shown in Fig 12.3. The weight of the bug 



Fig. 12.3 A bug upheld on water surface by surface 
tension 
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IS neutralized not by buoyancy (the bug is 
hardly submerged) but by the upward compo¬ 
nents of the surface tension forces which are 
tangential to the deformed surfaces. 

As mentioned earlier, another example to 
understand the phenomenon of surface tension 
IS that liquids show a tendency to assume a 
characteristic spherical shape. A molecule of 
a liquid deep inside a drop is surrounded from 
all sides by othei molecules To remove 
this molecule A (Fig 12.4) fiom inside the 


Fig. 12.4 A—molecule inside a diop 

B—molecule on the siirf.ice of the drop 

drop we have to do work against the attraction 
of all its neighbours. Since we must do some 
work to remove this molecule from the drop, it 
apparently had a quite large negative energy, 
say -El, when it was inside the drop. Let us 
repeat the process for a molecule B, on the 
outer surface of the drop This molecule, 
being on the surface, is not surrounded by 
neighbours on all sides except from beneath. 
Therefore, less work will have to be done to 
remove this molecule. Let the energy of the 
molecule B on the surface be—Eg. It is obvious 


that|Ea|<lEil 01 —Ea>— El, that is, the energy 
at the surface is positive as compared to the 
energy in the interior of the drop We know 
that the physical systems come to a state of least 
energy if they are able to (a car rolls down 
hill, a hot body becomes cooler, and so on) 
reduce the number of its high energy molecules 
and therefore its total energy So a piece of 
liquid will do Its best to make its surface as 
small as possible. The geometrical shape ihat 
has the least surface for a given volume is a 
sphere; so the liquid comes as close as it can 
to assume the form of a spherical drop. The 
departure from the spherical shape is due to 
the weight of the drop as well as the adhesive 
forces if any It is seen that as soon as the water 
drop falls on a glass plate it flattens. This is 
due to the adhesive force between glass mole 
cules and water molecules. 

12 3 Surface Energy 

We have seen that the molecules on the 
surface of a liquid which are pulled inward 
(like weights on a shelf which are pulled earth¬ 
ward by gravity) possess potential energy. As 
a molecule enters the interior it loses energy. 
Thus, because a molecule of a liquid on the 
surface is at higher potential energy than a 
molecule of the liquid, deep mside, one has to 
do certain amount of work in creating a liquid 
surface In other words, if we want to take a 
molecule from inside the liquid to the surface, 
we will have to work against the downward 
pull Thus, if we want to create a surface, tlie^ 
work of increasing the number of molecules 
on the surface has to he done. The energy 
required to create a surface is known as surface 
energy. We can calculate this energy by means 
of a simple experiment. A rectangular frame, 
of wire, ABCD, is taken. The arm AD of. 
the frame is not fixed to the frame but cap slide, 
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resting on the arms CD and BA. The frame is 
carefully dipped m a soap solution so that a 
film ABCD IS formed. Let the sliding arm AD 
be of length 1 (Fig. 12.5) and the surface tension 




of the liquid be a. Then by definition of surface 
tension, the force acting on the wire is 

F=(j 2/, since the film has two surface. 

If DA IS slid to a new position D'A' by a 
distance x, then the increase m the surface area 
of the film IS 

AS=2/x 

The work done in creating this new surface 
AS IS given by 

W=Fx 
= a 2/x 
AS 

=(jXincrease in the area of the film. 

Thus, the work done to increase the surface 
area of a film by unit amount is equal to the 
surface tension of the liquid. Therefore, a is 
also called the free surface energy per unit 
area. In actual practice the force acting on 
wire AD (Fig. 12.6) can be measured by a 
spring balance. Suspend a frame of wire like 
ABCD from the hook of the balance. CD is 
fixed to the frame and is not free to slide. As 


Fig. 12.6 Measuring the force due to surface 
tension 

soon as the arm CD is brought in contact with 
the surface of a liquid in a beaker, the wire is 
pulled down. This force can be measured by 
the spring balance. It will be found that the 
force P/ which is the pull on the spring, is equal 
to 2csL 

Example 12.2 

When two mercury drops are brought into 
contact, they form one drop. Explain. 

Solution 

Let each of the small drops have a radius r, 



Surface area of each diop—drer^ 

Total surface energy of the system of two 
drops=87T:r®ff 

where cr=surface tension of mercury. 

When both drops unite, the radius of the 
resulting drop is given by the equation 






liquids 


4 8 

-^TT ■= 

where R is the radius of the resulting drop. 

So R=2r and 

Surface energy of single larger drop 

Hence the surface energy of the large drop 
IS less than the total surface energy of the 
smaller drops. As every physical system tries to 
attain a state of minimum energy, the drops of 
mercury coming in contact form one drop. 

Conversely, if you want to break any drop 
of liquid into smaller drops you will have to 
do work. 

The low value of surface tension helps the 
liquid to spread out as a thin film as the 
spreading is easier on account of low surface 
energy Low surface tension also allows a liquid 
to penetrate in narrow spaces or pores. Water 
has relatively high surface tension. But if 
detergent is added to it, the surface tension is 
lowered. The cleaning property of the solution 
is improved because now the solution can 
seep into fine pores where water could not. 

So far we have considered only a free liquid 
surface. But actually a liquid surface is either 
in contact with a solid or vapour or some 
other liquid Consider a system consisting of 
a solid S and liquid L (Fig. 12.7). Suppose 



Fig. 12.7 A system containing a solid S, liquid 
L and vapoui V 


that they are initially m contact, and are then 
separated. Let the work per unit area required 
to separate them be Wsr.. Before separation 
there is potential energy in the interface 
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amounting to osi, per unit area (osl is the 
surface tension of solid-liquid film). After 
separation theie is energy nsv per unit area on 
the surface between the solid and vapour (usv 
is the surface tension of solid-vapour film) and 
<Ji.v per unit area on the surface between 
liquid and the vapour (ulv is the surface 
tension of liquid-vapour film). The initial 
energy of the system plus the work done on 
the system for separating the solid from liquid 
IS equal to the final energy after separation. 
Hence we have 

crs£.d~WsL=crsv-)-oLv ... (12.1) 

12.4 Angle of Contact 

Liquid has to be kept m a container. The 
molecules of container are different from those 
of liquid On the walls of the container three 
surface films viz, liquid-vapour, solid-vapour 
and solid-liquid are formed. The films are 
only a few molecules thick. Associated with 
each film is an appropriate surface tension, 
(Fig. 12.8). The curvature of the surface of 
liquid near a solid wall (or the shape of a 
liquid drop on a surface) depends upon the 
difference between obv and asi. At the wall 
the three films meet. If we isolate a small 
portion of all three films at their junction and 
imagine the film to extend a unit distance 
perpendicular to the diagram, the isolated 
portion will be in equilibrium under the action 
of four forces, three of which are surface 
tensions of the three films. The fourth force 
Fa IS adhesive force between isolated portion 
of film and the wall. From equilibrium 
condition, we get 

Olv SinS^Fa 

01 ,v COS0 = <JSV'^ffSL 

8 is the angle between emv and usl taken 
inside the liquid and it is called the angle of 
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contact Eliminating 
asv—ffsL we get 

WsL=oiiv (l-)“COS0j (12.2) 

If the work done per unit area required to 
separate liquid from the solid is giealei than 



Fig, 12.8 (a) Layer of a liquid near the wall of a 
container 
W—water 

M—mercury, S—silver, G—glass 
(b) Drop of a liquid on a surface 

the surface tension of liquid-vapour film the 
angle of contact 9 is acute, that when 
W 3 L> tJsv, 9 <190° and WaL<Ccrjv 0>'9O° 


When water is taken in a thin glass tube 
the meniscus of water is concave, wheie as the 
meniscus of mercury is convex This is 
because the work done in removing a unit area 
of water suifacc from the glass surface is raoie 
than the surface tension of water-vapour film 
Another way of explaining it is that in the case 
of water-glass-watei vapour system we have 
<rsv>tJsL In case of mercLiry-glass-mercury 
vapour system £T8v<tTsL, the angle of contact 
is obtuse. Thus the meniscus of mercury m 
glass IS convex When the watei is kept in a 
silver container ffsv=ffsr. and 9 is 90°. 

A solid surface will be wetted by the liquid 
if 9 is small, but when 0 is larger than 90° the 
liquid will slip over the surface Impurities 
and adulterants present in or added to a liquid 
may alter the angle of contact considerably 
Water proofing agents applied to a cloth cause 
the contact angle of water in contact with the 
cloth to be larger than 90° 

12,5 Pressure Difference Acioss a Surlace Film 

When the free surface of a liquid is plane 
(Fig 12 9 (a) the resultant force due to surface 
tension on a molecule in the surface is zero. 
If the surface IS cuived, then there is a resul¬ 
tant force normal to the surface This resultant 
force is directed into the liquid in the case of 
convex surface (Fig. 12.9 (b). In oider to keep 



Fig. 12.9 Pressure difference across a surface film 

(a) Plane surface; (b) convex surface, (c) concave surface 
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this surface m equilibrium the pressure on 
liquid side of the sui face must be more than 
the pressure on the vapour side, is, 
Pl>Pv Similarly, it can be shown in 
the case of a concave surface Pv>Pl. 
Hence, we conclude that the pressure on the 
concave side of the film is always greater than 
the pressure on the convex side. 

The argument given already shows that 
whenever the surface of a liquid is curved there 
exists a diffeieiice of pressure inside and out¬ 
side the surface Consider for example a 
spherical drop of a liquid of radius R Due to 
the spherical shape theie w'iil exist excess 
pressure inside the liquid as compared to 
outside atmospheric pressure. Let the excess 
be P. Let us enlarge the liquid drop from 
radius R to R-hdR. This increases the surface 
area of the diop from S to S-f-dS. 

Since S=47tR^ dS=87i;RdR 

From the definition of surface tension the 
work done in increasing this surface area is 
erdS. Since work done is also equal to foice 
multiplied by distance and force is equal to 
pressure X area We have 

Px47cR 2 dR=a87rRdR 

orP=^ . (12 3) 

It follows from this result that if the surface 
tension remains constant, the pressure 
difference is larger for smaller value of R Due 
to this large internal pressure, tiny fog drops 
have rigidity properties like those of solids A 
good illustration is to be found in the case 
with which ice-skates slide over the surface of 
smooth ice. Under the enormous pressuie 
exerted on the ice by the sharp metal edge of 
the skate, ice melts, and the runners run along 
on the tiny drops as if they were on ball 
bearings. 


Example 

Find the diffeience in an piessure between 
inside and outside of a soap bubble 5 mm in 
diametei. Assume the surface tension to be 
1 6 N m-i 


Solution 

Unlike a drop of liquid, the soap bubble 
with air inside has two suifaces, one external 
and another internal Due to two spherical 
suifaces the expiession for the excess of 
pressure inside a soap bubble is given by 
P excess — 4ij / R, 


4X1 6 

2.5x10-3 


2560 N m-3 


12 6 Capillarity 


The most familiar surface effect is the 
elevation of a liquid m an open tube of small 
cross-section The term ‘Capillarity’, used to 
describe effects of this sort, originates from the 
description ot such tubes as capillary or 
‘hair-like’ (Fig 12 10) In case of a liquid 
that wets the tube, the contact angle is less 
than 90° and the liquid uses until an equili¬ 
brium height ‘h’ IS reached When the contact 
angle is greater than 90° the liquid is depressed 
inside the capillaiy as m mercury. If the 
pressure on the concave side of the meniscus is 

P then that on the convex side isP'=P—~ 

R 

(fiom equation (12 3) since wc can very easily 
see that P—P'=Lhe piessure due to the liquid 
column of height ‘h’) 

In case of a liquid forming a concave 
meniscus in a glass capillary : P is the atmos¬ 
pheric pressure, and as P'<P the liquid must 
rise in the capillary till the weight of the water 
column IS such that it exerts a pressure P—P' at 
its base If the angle of contact is 8, and .the 
radius of capillary is R, the radius of meniscus 



Physics 





Pig. 12.10 Liquid column inside a capillary 


is given by R stc9. The excess of pressure is 
given by 

P—P'=2<i/R seed 

Therefore 2(1 cos5/R=hpg (p=density of the 
liquid) 


, 2cr cosB 
or h« 

Rpg 


... (12.4) 


Here we have neglected the small volume of 


the meniscus. In case of water, 0=0, 


continue to flow out of the top of capillary as 
a fountain. The uppermost periphery of water 
will not be in contact with the walls of capil¬ 
lary. The actual shape of meniscus will change 
and the radius of curvature of meniscus will 
be such that the difference of pressure across 
the meniscus will only maintain a water 
column or smaller height. 



12.7 Flow of Liquids 


The same equations hold for capillary 
depression. 

We can find out the surface tension of a 
liquid if we know the angle of contact. The rise 
of liquid in capillary and' the radius of capil¬ 
lary are measured with the help of a travelling 
microscope. It should be noted that before 
inserting the tube in the liquid, the tube must 
be cleaned. If there is any impurity at the 
inside surface of the capillary, the angle of 
contact will change, thus causing error in the 
measurement. The capilJarity phenomenon is 
responsible for the rise of oil in a wick lamp, 
the absorption of ink in a blotting paper, etc. 
If the height of capillary is smaller than h 
given by equation (12.4) the water will not 


In summer the flow of water m rivers and 
canals seems to be steady. The same rivers 
when in flood show a very unsteady flow. 
There appear whirl pools and vortices on water 
surface. If a liquid in a vessel is stirred and 
then left to itself, the motion will disappear 
after some time These examples show that 
liquids under different conditions flow diffe¬ 
rently. In flowing liquids, it is not necessary, 
that at any particular instant all the molecules 
have the same velocity. The molecules or 
molecular layers can move relative to 
each other with different velocities. Due to 
relative motion between different molecular 
layers, frictional force acts, causing resistance 
to the motion of the liquid. This resistive 
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property is known as viscosity. Therefore, in 
order to slide one layer of liquid over another 
an external force must be exerted to provide 
uniform motion to a liquid. 

Let now the particles of a liquid be in 
motion. When the liquid velocity at any given 
point is constant of lime, the motion is said to 
be steady. Whichever particle passes through 
the point A, it has a velocity Va in a steady 
flow (Fig 12.11). When one particle leaves A 



Fig. 12.11 Steady flow of a liquid 

with velocity Va, it is followed by another 
particle. When this second particle leaves A it 
also has a velocity Va. Similar thing must 
occur at all other points m the liquid, that is, 
the liquid particle must always leave B with 
velocity Vb, C with velocity Vc, D with velocity 
Vd and so on. It is not necessary for these 
velocities to be equal. 

In a steady flow let a liquid particle follow 
the path ABC. If the liquid particles preceding 
It and following it also follow the same path 
as ABC, the path is called a line of flow or a 
stream-line. A stream-line is parallel to the 
velocity of fluid particles. No two stream¬ 
lines can cross each other. The stream-line 
motion is possible only when the liquid velo¬ 
city IS low and the velocity along a path does 
not change too abruptly. If the velocity is 
high, or the change in velocity is frequent and 


very abrupt, the motion ceases to be a stream¬ 
line flow 

In non-viscous liquids, the velocity of all 
the particles at one section of a pipe are equal 
and liquid advances as a unit along a pipe. 
The surface determined by heads of velocity 
vectors is a plane, and the^luid flow is cha¬ 
racterized by a plane "velocity profile (Fig. 
12.12 a). When the fluid is viscous and the 
velocity is not large, the flow is called laminar. 
(The lamina of liquid slide over each other). 
The velocity profile has the shape shown in 
Fig. 12.12. The velocity is maximum along 



(n) (b) 


Fig. 12.12 Flow of liquid through a pipe 

(a) Non-viscous liquid 

(b) viscous Jiquid 

the axis of the pipe and decreases to zero at the 
wall. When the velocity exceeds a certain 
critical value, the nature of flow becomes very 
much complicated. Random, irregular, local 
circular currents called vortices, develop 
throughout the fluid. The resistance to the 
flow increases tremendously. This type of flow 
IS called turbulent flow. 

It has been observed experimentally that 
there is a combination of four factors which 
determines the nature of flow of a viscous fluid 
through a pipe. This combination is known 
as the Reynold number. Nr and it is defind as 



Here p is the density of the liquid, v is its 
average speed, D is the diameter of the pipe 
and V) is the coefBcient of viscosity of the 
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liquid. The flow of viscous fluid is said to be 
laminar when Nr lies between 0 and 2000 For 
values of Nr above about 3000, the flow is 
turbulent. For Nr between 2000 and 3000 the 
flow is unstable and may switch over from one 
type to another. Reynold number is a pure 
number and therefore its numerical value is the 
same m any consistent set of units. 

Example 12 4 

What should be the maximum average 
velocity of water in a tube of diameter 2 5 cm 
so that the flow is laminar The vi.scosity of 
water is 0 001 Nm-“S 


layer tries to check the flow of the adjascent 
upper layer This is eqiuvalent to the state¬ 
ment that the flow of the liquid is opposed by 



Fig. 12.13 Flow of VISCOUS liquid over a surface 


Solution 

The maximum value of Reynold number for 
a laminar flow is 2000. Let V be the maximum 
average velocity of water for laminar flow 
Then 


pVD 

or 


= 2000 

, 2000x0.001 

~10='x2.5x 10-2 
= 0.08 ms"' 


12 8 Viscosity 

As mentioned earlier viscosity may be 
thought of as the internal friction of a liquid 
Because of viscosity, a force must be exerted 
to cause one layer of liquid to slide past ano¬ 
ther. If there is a layer of liquid between two 
sheets a force is needed to slide one sheet over 
another. Let a liquid flow over a fixed surface 
such as AB (Fig. 12.13) The layer of liquid in 
contact with AB remains at rest while the 
upper most layer PQ has the maximum velo¬ 
city V The layer EF at a distance x + dx 
from AB flows with a greater velocity than 
that of a layer CD at a distance x from AB. 
If the difiference in the velocities of these two 
layers is dV, the velocity gradient between 
layers CD and EF will be dV/dx Every lower 


a tangential force F offered along the surface of 
the layer. It is found by experiment that the 
force per unit area offered by liquid layers is 
proportional to the velocity gradient 
That IS, 

F/A = dV/dx 

or F =y)A dV/dx ,, (12.6) 

The proportionality constant vj, is called the 
coefficient of viscosity or simply the viscosity. 
Poise is defined as a tangential force per unit 
area offered by a liquid layer to create a unit 
velocity gradient The dimension of kj can be 
easily calculated as 

FI dV _ MLT-2 L 
AI dx L2 T L 
= ML-i T-2 

We have already seen that when a viscous 
liquid flows through a tube, the flow is laminar 
depending upon the radius of the cross-section 
of the tu be and the average velocity of liquid. 
The force requiied to maintain a laminar flow 
of liquid through a tube of length / and radius 
1 IS given by 

F=8V J ... (12.7) 

where V is the volume of the liquid flowing 
per second through the tube. 
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Stoke’s Law 

So far we have discussed the flow of a 
liquid on a solid surface or through a pipe. 
Let us now consider the flow of a viscous 
liquid past a body or the motion of a body 
through a VISCOUS fluid at lest A steel ball 
falling in a tank of glycerine attains a constant 
velocity in a very short distance from the start 
of the motion This shows that the retarda¬ 
tion due to resisting force on the steel ball is 
equal to the acceleration due to gravity. When 
a spherical body moves through a viscous 
liquid at rest (Fig 12.14), it is expected that the 



Fig, 12.14 Motion of a sphere thioiigh .a fluid 

resisting force Will depend upon (i) the size of 
the body (li) the relative speed of the body 
with respect to the liquid and the viscosity 
Thus R, the resisting force on the body is 
given by 

R=constant r”' v*^ ri'' 

where a, b and c are respectively the powers of 
radius r, velocity v and viscosity v) Fiona 
dimensional analysis we see that the dimensions 
on left hand side must be equal to the dimen¬ 
sions on the right hand side of the equation. 
That IS, 

MLT-= = (L)a (LT-i)'5 (ML-iT-i)‘^ 

= (M}® (L)‘^+'>-° (T)-'>-« 


Hence a=b = c=l We get 
R=constant vjrv 

The constant is actually equal to 6 tt and thus 
we can write the resisting force as 

R=6Tr v]rv ... (12.8) 

This equation is called Stoke’s law We shall 
consider it briefly in relation to a sphere of 
density p falling through a viscous fluid of 
density p^. The forces acting on the sphere 
are: 

(i) Weight of the sphere (acting downward) 
mg=-2-p r^ g 

(ii) Force of buoyancy (acting vertically up¬ 
ward) 


(iii) Resisting force of liquid 


K=6n‘fi rv. 

The resultant acceleration ‘a’ with which the 
sphere is falling downward is given by 


ma=mg—B -R 

(B4R) 

a=g- 

^ m 

If the sphere is released from rest (v=0) the 
viscous force R at the start is zero. The 
initial acceleration is therefore 


As a result of this acceleration, the sphere 
acquires a downward velocity and therefore 
experiences a retarding force given by Stoke’s 
law. With increase in velocity the viscous 
resistance increases. An ultimate constant 
velocity will be attained by the sphere when 
the downward acceleration is reduced to zero, 
and the sphere moves with a constant velocity 
called its terminal velocity. 
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Putting a=0 m equation, we get 
4 3 43T 

y- 71 r'* p„ g = — r® p„g + Sn-ii rv 

Equation holds provided the velocity is not so 
great that turbulence sets in In presence of 
turbulence the resistance offered to the motion 
of sphere is much greater than that given by 
Stoke’s law. 


Example 12.5 

Find the tei minal velocity of a steel ball 
2 mm 111 diameter, falling through glycerine. 
Sp. gr. of steel=^=8 


Sp. gr. of glycerine=1.3 
viscosity of glycerines 8.3 poise. 
The terminal velocity is given by 



X 3_, 


= 1.8 cm sec“i 

This method is one of the methods used for 
measuring viscosity, 


12.9 Bernoulli’s Equation 

Every liquid has a viscosity. The equation 
of motion of a viscous fluid is very compli¬ 
cated. But it IS seen that many physical 
phenomena are explained qualitatively and to 
a good approximation even when we neglect 
the effect of viscosity. Let us now consider an 
incompressible, non-viscous liquid having a 
steady flow through a pipe. Let the pipe have 
a uniform cross-section Aj at PQ at a height 
hi and a uniform cross-section A 2 at RS at a 
height ha (Fig. 12.15). Let at Aj the liquid 
pressure be pj and the liquid velocity be Vj, In 
a small time interval A t the layer at PQ is 
pushed to P'Q' under the influence of a force 
PiAi. Thus the displacement of PQ is 

4=Vi A t. 

Hence, the woik done on the system is 

Wi = pi Ai 4 

= pi Ai Vi A t 

The layer at RS advances to R' S' by a distance 
4=V2 a t. If the liquid pressure and velocity 



Fig. 12.15 Flow of liquid through a pipe with its ends at different heights 
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are respectively p 2 and V 2 at A 2 , the work done 
by the system is ; 

W2 = P2 ^2 I 2 

=p2 A 2 va A t. 

The net work done by the liquid' pressure is 

W=Wi - W 2 

=Pi li —P2 A2 I2 
=(Pi - P 2 ) V 

Hence V (=Ai li=A 2 I 2 ), is the volume of the 
liquid that flows through the pipe in time A t. 
From the above we see that 

V=Ai VI A t =A2 V2 A t 

i.e, Ai Vj, = Aa va ... (12.10) 

Equation 12.10 is called the equation of conti¬ 
nuity. It shows that the speed of liquid flow 
IS inversely proportional to the area of cross- 
aection of the pipe. 

During the time A t, the height of the mass 
pV changes from hi to h 2 . The work done on 
the liquid by gravitational field is 

We = - (ha-hi) pVg 

=pgV (hi—h2) 

We know that when work is done on an ele¬ 
ment of mass pV, its kinetic energy changes. 
Hence 

change in K.E. =Wp-l-Wg 
=Total work done on the system 


or -^pV (v 22 -vi 2 )=(Pi—P 2 )V 


/or 2^ + 


/ or 


PS 

P_ 

PS 


-f pgV (hi—h2) 

2g 


+ » + w+h, 

PS 2g 


+ 


- + 
2g ^ 


constant 


( 12 . 11 ) 


y EquationI 2 .His Bernoulli’s equation. Every 
term in this equation has dimensions of length 
and is called a head. The p/pg is called pres¬ 
sure head, v*/2g the velocity head and h the 


gravitational head. We may state, ‘where the 
velocity IS high the pressure is low, and where 
the velocity of a fluid is low the pressure is 
high.’ We can discuss some illustrative 
examples of Bernoulli’s principle. 

(i) During certain wind storm or cyclone 
the roof of some houses are blown off with¬ 
out damaging the other parts of house (Fig, 
12.16). This is not a freakish accident as 



Fig. 12.16 Atmospheiic pressure pi and pressure ps 
on the top of the roof causes the roof to 
be lifted, H-wihd with high velocity 

one might think, for there is a simple 
explanation. A high wind blowing over 
the roof, creates a low pressure p 2 on top. 
Under the roof the pressure is pi (=attB'Os- 
pheric pressure) which is larger than p 2 . 
The difference of pressure (pi—P 2 ) Causes 
an upward thrust and the roof is lifted up. 
Once the roof is lifted it is blown off with 
the wind. 

(ii) In a common form of atomizer, sque¬ 
ezing the bulb spray out oil or scent from 
the nozzle (Fig. 12.17). The rise of liquid 
is not due to any vacuum created in the 
central tube. When the bulb is squeezed 
the air blows through the central tube with 
high speed causing a low pressure p 2 inside. 
The atmosphere pressure pj. on the liquid 
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surface of the container pushes the liquid 
up the steam which then is blown out with 
the air steam through the nozzle. 



Fig. 12.17 Atomizer; B-biilb, pi-atmospheric pres¬ 
sure; C-container; S-ste.n; Pi-pressure inside 


(in) Lift on an aircraft wing: Figure 
12,18 shows the cross-section of the wing of 



Fig, 12.18 Profile of a wing and lines of air flow 

an aircraft. When the an craft moves, the 
air flows both from under and above the 
wing. Aeroplane wings are so designed 
that the total distance travelled by air flow¬ 
ing over the wing is longer than that of the 
air flowing under it. Thus, the velocity of 
air flow above the wing must be higher 
than the velocity of air flow under the wing. 
From Bernoulli’s theorem we see that the 
pressure pa, above the wing is lower than 
the corresponding pressure pi, under the 
wing. The unbalanced pressure causes a 


force F to act on it This force can be 
resolved into two components. The vertical 
component is responsible for the lift L and 
the horizontal component provides the 
drag D. The force acting on it depends 
on angle of attack If angle of attack is too 
great, the streamline flow above and behind 
the wing breaks down and a complicated 
system of whirls and eddies known as turbu¬ 
lence is set up. Bernoulli’s equation no 
longer applies. The pressure above the wing 
rises and the lift on the wing decreases. The 
plane stalls. 

There are various other examples which 
can be observed by the reader m his daily 
life where Bernoulli’s principle is used. 

{tv) Cut ved "path of a spinning ball : When 
a’ball is thrown or hit with a horizontal 
velocity V and given a spin the path of the 
projectile of the ball curves more than in 
a usual spin free projectile. Let a cricket 
ball moving to the right be given a som as 
shown in Figure 12.19 (a). This situation 

V \L 



(a) (b) 

rig. 12.19 Motion of a spinning cricket ball 

is effectively the same as the ball spinning 
with air wind moving in opposite direction 
of V (Fig. 12 19(b). Thus just above the 
ball the wind has a velocity greater than v 
as the velocity componant due to spin adds 
up to V and just below the opposite is the 
case. A pressure difference of air created 
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at the top and bottom of the spinning ball, 
produces an additional unbalanced force. 
This force divides the spinning ball from 
the path of a free projectile. If the spin 


is in opposite sense pressure difference 
above and below the ball is reversed and 
the ball curves moie downwards. 


Ex ercises 


12.1 A liquid drop of diameter D breaks up into 27 tiny drops Find the result¬ 
ing change in energy. (27iD2a) 

12.2 What would be the gauge pressure inside an air bubble of 0 20 mm radius 

situated just below the surface of water *> Surface tension of water is 0 07, 
Nm-1. (I4X 10-3 Nm-2) 

12.3 A U tube is such that the diameter of one limb is 0.4 mm and (Hint • 
unlike soap bubble there IS only one surface here) that of the other is 0.8 
mm. Find the difference in the level of water in the limbs. (cT0.07Nm"3) 

12.4 Why is it that a needle may float on clear water but will sink when some 
detergent is added to water ? 

12.5 At what speed will the velocity head of a stream of water be equal to 40 

cm of Hg ? (2 8 m/s) 

12.6 If a small ping pong ball is placed m a vertical jet of air or water, it 
will rise to a given height above the nozzle and stay at that level. Explain. 

12.7 A pilot-tube is mounted on an aeroplane wing to measure the speed of the 
plane (Fig. 12.20). The tube contains alcohol and shows a level difference 
of 40 cm. What is the speed of the plane relative to air (sp.gr. or alcohol = 
0.8 and density of air 1 kgm“®) ? 



12.8 A glass tube of 1 mm bore is dipped vertically into a container of mercury, 
with its lower and 2 cm below the mercury surface. What must be the 
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gauge pressure of air in the tube to blow a hemispherical bubble at its 
lower end. 

12.9 Water stands at a depth H m a tank whose side walls are vertical (Fig. 
12.21). A hole is made on one of the walls at a depth h, below the water 
surface. 



(a) At what distance R from the foot of the wall does the emerging stream 
of water strike the floor ? 

(b) For what value of h this range is maximum ? 

12.10 With what terminal velocity'will an air bubble 0 8 mm in diameter rise in 
a liquid of viscosity O.lSNm'^s and specific gravity 0.9 ? What is the termi¬ 
nal velocity of the same bubble in water ? 

12.11 A sphere is dropped under gravity through a fluid of viscosity t]. Taking the 
average acceleration as half of the initial acceleration, show that the time to 
attain the terminal velocity is independent of the fluid density. 




UNIT 13 


Electricity 

a 


13.1 Electric Current 

The term current implies some sort of 
motion. A motion of electric charge constitu¬ 
tes an electric current. This motion may be 
that of the charge carriers in a medium, like 
electrons in a metal and ions in a liquid ora 
gas, or it may be the motion of electrons in a 
vacuum tube. 

Quantitatively, electric current is defined as 
the rate of flow of charge, given by 

I = q/t ... (13.1) 

where I is the current and q is the charge that 
has passed through a given area in time t. 

If the rate of flow of charge does not change 
with time the current is said to be steady. In 
many situations, however, the current may be 
varying with time. Thus in Fig. 13.1, curve 

(a) represents a steady current while curves 

(b) and (c) represent varying currents. 

By convention, the direction of motion of 
positive charge is taken as the direction of 
current, A negative charge moving in one 
direction is equivalent to an equal positive 
charge moving in the opposite direction 
(Fig. 13.2). 

In S.I, units the current is measured in 
amperes, 1 ampere = 1 coulomb/second. It is 
interesting to note that in practice the electric 


currents are not measured directly by measur¬ 
ing charge and time but by the effects produced 
by them, for instance, the magnetic effects. 



Fig, 13.1 Examples of steady and varying currents 




-B- - - S* t 

Fig. 13.2 Flow of positive charge is equivalent to 
flow of negative charge in the opposite 
directions. 
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Ex/>lMple 13.1 

One billion electrons pass from a point A 
towards another point B in 10“^ seconds. What 
IS the current in ampere ? What is its direc¬ 
tion ? 


Solution 

Charge on 1 electron = 1.6 \'lO"i®C 

q = 1.6 .10-<'“xl03 
= 16 1 IQ-’“C 
t == 10-3 s_ 

I = q/t=I.6xl0-i“/10-3 
= l,6xlO-’Cs-i 
= 1.6x10-’ A. 

Since the electrons aie negatively charged, the 
direction pf current flow is fiom B to A. 


Example 13 2 

The electron in the hydrogen atom circles 
around the proton witha speed of 2.18X10“ 
m/s in an orbit of radius S.SXlO'-^^m. Find 
the equivalent current. 


Solution 

Radius of orbit, r = 5.3 XIO-^’ m. 
Circumference of the orbit=27tr 

=271X 5.3 X 10'“ m 
Speed of electron, v=2 18 x 10“ ms"^ 

In one second the electron will go around the 
proton n times, where 

V _ 2.18 X 10“ 

“ 27tr 2x3 14x5 3X10-11 


The electric current is defined as the quantity 
of charge that flows past a fixed point in one 
second. Although it is the same electron going 
round and round the proton, the quantity of 
charge that passes across a fixed point on the 
orbit in one second is given by ne, where e is 
the electronic charge. 

Hence ihe equivalent current 


I 



2 18x10“ ^ 

14X5 3 X 10-11^ 


6X lO-i^Cs-l 


= 1.05X10-3 A. 


Although we are more familiar with cur¬ 
rents in a wire, currents can also flow through 
liquids and gases The only requirement is 
the availability of charge carriers and a diffe¬ 
rence of potential. A mobile positive charge 
carrier would then move fiom a region of high 
potential to a region of low potential under 
the influence of the electric field, a negative 
charge carrier m the opposite direction. In solid 
conductors, the charge carriers are mostly 
electrons, in liquids and gases it is the positive 
and negative ions (m gases, electrons also) that 
contribute to the current flow. 

Consider a pair of charged plates (Fig. 13.3), 


A . B 



Fig 13.3 Steady current requires a source of 
constant potential difference 


plate A being at the higher potential. If we con¬ 
nect the plates by a wire, electrons will travel 
from plate B to plate A and an electric current 
would be said to flow from A to B, through 
the wire. Now, the arrival of electrons at the 
plate A will tend to equalise the potential 
between the plates and, unless the potential 
difference is maintained by external means, the 
current would soon cease to flow. Thus, for 
steady currents to flow between two points 
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the potential difference between them must be 
maintained by a battery or any other device. 

Ciiirent I through a conductor depends 
upon the potential difference V applied across 
it. By changing V, one can study the vaiia- 
tion of I with V. Fig. 13 4 show such plots for 



_ V —► V —* V 

(a) (c) Ih) 


Fig. 13.4 V-I plots for (a) metallic conductor 
(b) vacoum tube (c) electiolyte 

(a) a metallic conductor, (b) a vacuum tube, 
and (c) an electiolyte. The ratio 

R .. (13.2) 

is known as the resistance of the conductor. 

We see that for the metallic conductor, the 
V-1 curve is a straight line i.e. the resistence R 
of the conductor IS independent of V. In this 
case we say that the conductor obeys Ohm’s 
law. All such conductors which show this kind 
of linear behaviour are known as ohmic resis¬ 
tors. Others, for which the V-I curve is not 
a straight line are called non-ohmic resistors. 
Both kinds are used in electric circuits for 
various purposes. 

13.2 Current Flow in a Metallic Conductor : 
Draft Velocity 

Let us examine in some detail the mecha¬ 
nism of curient flow in a metallic conductor. 

In a metal in solid state, atoms occupy 
places in a fixed arrangement. In this state 
some electrons are free, leaving the atoms as 
positively charged ions. If we assume that 


there is one free electron per atom, there will 
be of the order of 10®** fiee electrons per cubic 
metre. Since they possess thermal energy, they 
are in a slate of continual motion, much like 
the molecules of a gas. They are colliding with 
atoms, gaming and losing kinetic energy At 
room temperature they move with velocities of 
the order of 10^ ms“^, but these velocities are 
randomly distributed iii all directions. There¬ 
fore, the average velocity of electrons, given 
by 

_U l-hlla-hUa-F -fllt r 

~ ^ N 

= 0 

where Ui, etc. are velocities of indi¬ 
vidual electrons and N is the total numbei 
of electrons 

In other words, theie is no net flow of charge 
in any daection. It may be noted that average 
speed is not zero. 

When a potential difference is applied across 
the conductor, an electric field E is established 
inside it. Due to the electric field the electrons 
experience coulomb forces in a direction oppo¬ 
site to the field and they undergo an accelera¬ 
tion (a =-). The forces are ex¬ 

perienced by positive ions also but they are 
unable to move as they are heavy and tightly 
bound in the metal. Between two successive 
collisions an electron thus acquires, in addi¬ 
tion to Its thermal velocity, a velocity compo¬ 
nent in a direction opposite to E. This gain 
in velocity due to the field E, however, is very 
small and is lost in the next collision with an 
atom. 

If we looked at any arbitrary instant, we 
would find an electron moving with a velocity 
where ui is its velocity due to thermal 
motion and ati is the velocily acquired under 
the influence of the external field E, ti being 
the time that has elapsed since the last 



40 


PHYSICS 


collision The average velocity of all electrons 
will be given by 

TT + (I'a + •).-f (un+ atii) 

~ N 

'Jl + U 2 'l" ... 1 % , a (t-i, + t 2 +.tu) 

" N N 

= 0 + at, where t — 

t represents the average time elapsed since 
each electron suffered its last collision, it is 
called the relaxation time and is = s. It 
is a characteristic of the given conductors. 
Denoting v by Vd 

Va-=-eEt/m ...(13.3) 

Va IS called the drift velocity of electrons. 

We may say that before the application of 
the field, the average velocity of the electrons 
IS zero and there is no net transport of charge 
in any direction. After the field is applied, 
electrons acquire a constant average drift velo¬ 
city in a direction opposite to E and there is a 
net transport of negative charge in that direc¬ 
tion which is equivalent to an electric current 
flowing in the direction of E. A typical value 
of Va is 1 mm/s, which is very small compared 
to the random velocity (10® m/s ) But, since 
the number of electrons is very large, even this 
small diift of electrons adds up to a sizeable 
current. 

One sometimes tends to confuse between- 
the drift speed of electrons and the speed of 
propagation of electrical effects. It may look 
surprising that although the drift velocity of 
electrons is so low, an electric bulb turns on 
almost immediately when it is switched on The 
fact is that the propagation of an electric 
impulse takes place with a speed which is of 
the order of speed of light {=3x ]0®m). It is 
somewhat like applying a pressure to one end 
of a long water filled tube. As soon as the pres¬ 
sure is applied a pressure wave is transmitted 


rapidly along the tube and when it reaches the 
other end the flow of water starts The water in¬ 
side the tube also starts moving forward but this 
speed is much slower than the speed of pressure 
wave Similarly in a circuit, free elections are 
present everywhere When a potential difference 
is applied to the circuit, an electric field gets 
established throughout the ciicuit almost with 
the speed of light. As soon as the electric field 
IS established the electrons begin to drift under 
its influence and a current flows m the circuit. 

Resistance 

Consider a conductor of length 1 and of 
uniform cross section A, across which is app¬ 
lied a potential difference V, Fig. 13.5. The 
electrons start drifting towards left with a 



Fig. 13.5 Flow of currenl through a conductor 

velocity Vfl. All those elections which he within 
a distance Va on the right of a cross section 
at P, would have passed on to the other side in 
one second. The net transport of charge 
through the section at P in 1 second or the 
current I is, therefore, given by 

I^^enAVd ... (13 4) 

where n is the number of free electrons per 
unit volume in the conductor It is easily seen, 
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using equation (13.3), that 

T A 

J=enA. 

m 

(e^nAt) ,, c w,. 

=-V, since E=V/1. 

ml 


Hence, the resistcnoe. 


^ -T=e-Sir (••• 

R is a constant for the given conductors, 
can also write 


13 5) 
We 


R=p 1/A, ... ,(13.6) 

Where p = m/e®nt . . (13.7) 

is called the resistivity of material of the con¬ 
ductor. The resistivity is a constant of the 
material of the conductor It can be vanfied 
that units of P are ohm-metre. 


Example 13.3 

What IS the drift velocity of electrons in a 
copper conductor having a cross sectional area 
of 5X lO'^m® if the current is lOA. Assume 
there are 8.0x10“® electrons/m®. 

Solution 

I = en AVd 

Here, e = 1.6X10-i®C, n:=8.0x 10“®/m®, 
A=5X 10-»m“, 1=10 A 



1.6X10-“”X8.0X10’-®X5X10-® 

= 1.56X10-^ m/s. 

13.3 Heating Effects of Current : Joule’s Law 
It is a matter of common observation that 
when a current flows in ,a conductor heat is 
developed. This can be understood on the 
basis of the microscopic picture presented 
above. We have seen that the motion of elec¬ 
trons in a conductor under the influence of the 
field is hampered by their frequent collisions 
with the atoms; this being the basic cause of 
resistance. In between the collisions, the elec¬ 


trons moving through the field, acquire kineti® 
energy m addition to their own kinetic energy 
of thermal motion. In the collisions this energy 
is shared with the atoms of the metal with a 
consequent increase in the average kinetic 
energy of the atoms. The conductor is thus 
heated by the flow of electiic current through it. 

Consider the portion AB of a circuit (Fig. 
13.6) through which a current I is flowing in the 





Fie 13-6 For calculation of power dissipation in a 
conductor 

direction A to B Electrons enter at B at poten¬ 
tial Vb and leave at A at potential Va. Since 
electrons for negatively charged and Va>Vb 
the electrons entering at B possess more poten¬ 
tial energy than those leaving at A, while their 
kinetic energies are the same. The electrons 
thus lose potential energy while passing from B 
to A. It IS this difference in potential energy 
which is transferred to the conductor as heat 
energy. An expression for the same can be 
drived as follows: 

The potential energy of an election at B 

= (~e) Vb. 

The potential energy of an electron at A 

= (-e) Va. 

Number of electrons which enter the por¬ 
tion AB'at B and leave it at A, in dm 

dt=Idt/c 
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The loss in potential energy of electrons in 
time dt is 

dw = — [ (-e)VB - (-e)V.] 

e 

= Idt (Va-Vb) 

= Idt Vab where Vab = Va—Vb 


Example 13.4 

An electric heater is lated at 800 watts. 

(i) If the voltage is 200 volts what is the 
value of current ? 

(ii) How much time would be required to 
heat 1 litre of water from 20“C to 100°C ? 


This energy appears as heat. Therefore, the 
rate at which the electric energy is converted 
into heat, that is, power P is given by 


P 



Vab I 


(13.8) 


Since Vab=IR, where R is the resistence of the 
portion AB of the conductor, we have 

P-VabI = (IR) I=PR - . (13.9) 


This is Joule’s law of heating. If Vab is in 
volts and I in amperes, then P is in watts. 


1 amp X 1 volt = 


J^cou^lqmb ^ 1 joule 


second ''coulomb 
1 joule 


second 


= 1 watt. 


Heat developed in time t is given by 
PRt 

Q=Pt=P Rt joules = -^-^calories . (13 10) 


Solution 


(i) I=P/V = 800/200=4.0A 
(n) Heat required=mass of waterXspeci¬ 
fic heat of water X rise in temperature 
= (1000gm) (1 cal/gm°C) (80“C) 
—80,000 cal. = 80,000x4.2joules. 


Therefore, t = 



80,000x4.2 

800 


=420s. 


Example 13.5 

What voltage drop will be there across a 
Ikw electric heater element whose resistance 
when hot is 40 ohms ? 

Solution 

P=PR=(VVR^)R = VVR 
V=(PXR)^=( 1000X40)^ =200 volts. 


13.4 Variation of Resistance with Temperature 


Since 1 calorie =4.2 joules. 

The kilowatt hour ; If P is power in watts and 
t is time in seconds, the energy consumed is 

W=Pt joules 

For consumption of electric energy, joule is 
considered to be too small a unit for practical 
purposes such as calculating monthly electricity 
bill The practical unit for electric energy is 
kilowatt-hour, defined by 

W=Pt 

where, P is m kilowatts, t is in hours and W in 
kilowatt hours. Since lkw=1000w, and 1 hour 
=3600 seconds, we have, 

lkwhr= 1000X3600 =3.6X10® joules. 


It has been stated before that the atoms in 
the metal occupy fixed positions. They are, 
however, not stationary but vibrate to and fio 
about their fixed positions. When a metal gets 
heated there is an increase in the average kinetic 
energy of the atoms and they vibrate more vigo¬ 
rously. This leads to more collisions of electrons 
with atoms and a consequent decrease in the 
value of t. Also at highert emperature the ther¬ 
mal speed of electrons is more and this further 
reduces the time between collisions. A lower 
value oft, therefore,'results in an increase in 
the resistivity of the conductor equation (13 7.) 

Experimentally it is found that to a first 
approximation 
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Rt=Ro(H-«t) ..,(13.11) 

where Rt and Ro are resistances at temperatures 
t°C and 0°C respectively, and « is known as the 
temperature coefficient of resistance For metals 
a is a positive coefficient and for copper its 
value is 0 0040 per degree. For some alloys, 
like constantan and manganm the value of a is 
very small (0.00001) and these are used in mak¬ 
ing standard resistances Carbon and other 
semiconductors display a negative coefficient 
i.e. their resistance decreases with temperature 
04 IS negative for electrolytes also. It is beyond 
the scope of this book to go for an explanation 
of negative a. 

13,5 Thermo-electric Effects 

Fig. 13.7 shows two pieces of wire, one 
copper and the other iron, joined together at 



Fig, 13.7 A thermo couple • A is hot Junction 
and B IS cold junction 

their ends A and B. A low resistance galvano¬ 
meter G is included in the circuit. When 
one junction is heated and the other kept at 
a constant temperature, a small electric current 
flows around in the circuit m the direction of 
arrows. This is known as seeback effect after 
its discoverer. The effect is exhibited by any 
two dissimilar metals joined in this manner, 
Seeback investigated the effect for a number 
of metals and arranged them m a series such 
that when any two of them form a circuit the 


current flows at the hot junction from the 
metal occurring earlier in the series to the one 
occuriuig later. Some of the substance in the 
senes are Bi, Ni, Pt, Cu, Rh, Ir, Fe Sb. 

Curieiit produced m this way is known as 
thermoelectric cuirent and the pair of metals 
forming the circuit IS called a thermocouple. 
Evidently the theimoelectnc current flows 
because an e.m f. (electromotive force) has 
been set up in the circuit purely due to 
thermal effect This e in.f. is known as thermo 
e.m f and can be measured by using an instiu- 
ment called a potentimeter. It is a normal 
practice to measure this e.m f. by keeping one 
junction at a fixed temperature, very often at 
0“C, and varying the temperature of other 
junction. A typical curve is shown m Fig. 
13.8. 



Fig 13.8 Variation of thermo e.m.f. with temper¬ 
ature 

The maximum e.m f. is obtained at ti°C 
which IS called the neutral temperature of 
thermocouple. At t 2 '’C the thermo e.m.f. falls 
to zero value and reverses its direction. This 
temperature called the inversion temperature, 
IS not unique but depends upon the tempera¬ 
ture of cold junction. It is always as much 
above the neutral temperature as the cold 
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junction is below it. For Cu-Fe couple, the 
neutral temperature is about 300°C. 

13.6 Temperature Measurement by Thermo¬ 
couples 

Thermocouples are widely used for tempera¬ 
ture measurement. If the temperature of cold 
junction is fixed, the thermal e.m f. of a theimo- 
couple IS a function of the temperature of hot 
junction alone. For a considerable range of 
temperature this e.m f. is a linear function of 
temperature. This fact can be used for measur¬ 
ing the temperature at the site of the hot junc¬ 
tion if the couple is previously calibrated. Fre¬ 
quently the galvanometer in the circuit is cali¬ 
brated to read directly the temperature. The 
choice of thermocouple wires depends upon 
the range of temperature required. The 
copper-constantan couple, consisting of copper 
and an alloy called constantan, is used to 
measure temperature ranging from — 190°C to 
300°C. Thermocouples of platinum and a 
platinum-rhodium alloy are used for measuring 
temperatures upto IfiOO^C. 

As a temperature measuring device, the 
thermocouple has many merits. It is accurate. 
The copper-constantan couple, for example, 
gives an e.m.f. of 40 microvolts per degree 
temperature difference between its junctions. 
This e.m.f. can be measured with an accuracy 
of about 1 microvolt. The temperature difife- 
renoes, therefore, can be measured with an 
accuracy of about 1/40 degree Another great 
advantage of a thermocouple is the smallness 
of Its test junction. This makes it particularly 
suitable for measuring temperature m very 
small regions and cavities. Because of its 
small mass the test junction comes quickly 
into thermal equilibrium with the surroundings. 
Use is made of this fact m measuring variations 
in the temperature in various pans of the 
body of animals and insects. 


Thermopile 

The e.m.f. generated by a thermocouple 
is small, of the order of few millivolts. But, 
if a number of thermocouples aie connec¬ 
ted in series the e.m.f.s are added up. Such 
a combination is called a thermopile and is 
used to measure the intensity of heat radiation. 

One set of junctions (A) is exposed to the 
ladiation, the other set (B) is protected by an 
insulating hd (Fig. 13.9). The exposed ends 



Fig. 13.9 Thermopile 

are blackened to increase the absorption of 
radiation falling on them. The thermocouples 
are made of antimony and bismuth strips. 
The galvanometer deflection is proportional to 
the intensity of falling radiation. 

13.7 Magnetic Effects of Electric Current 

Before we discuss the magnetic effects of 
current as such, we discuss the nature and 
meaning of electric and magnetic fields. 

The forces and the fields 

When a body exerts a force on another 
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body and vice versa, the two bodies are said to 
interest with each other Thus, the earth and 
the moon interact to exert miital forces on 
each other. These forces are given by Newton’s 
law of giavitation. Another kind of inter¬ 
action called electric interaction occuis between 
two charged bodies, the foice that one charged 
body exerts upon the othei is given by 
Coulomb’s law. We are also aware of the 
force that one magnet exerts on another. This 
IS called magnetic interaction. However, this 
is not a new kind of interaction. As we 
shall presently see, the magnetic forces can be 
explained in teinis of electiical forces between 
moving charges. The common interaction 
which describes both electric and magnetic 
forces is called, aptly the electromagnetic 
interaction. 

In the example cited above, there is one 
common feature—these are examples of‘action 
at a distance.’ The force is transmitted from 
one objected to anothei without any direct 
contact. In contrast most of the forces that 
we come across in daily life seem to involve 
direct physical contact e.g. pushing a body, 
pulling a string etc. How do the gravitational, 
the magnetic and the electric forces transmit 
themselves from one object to another ? 

The interaction between two bodies through 
intervening space can be understood by intro¬ 
ducing the concept of ‘field’. We illustrate it by 
taking the examples of force between two 
charges. 

The experimental fact that an electric 
charge experiences a force due to another 
charge located some distance away can be 
understood as follows. We say that one of 
the charges sets up an electric field in the 
surrounding space, this field acts on the other 
charge and produces the observed force. 
Since the force is mutual, we may regard any 
one of the charges to be a source of the field 


which acts upon the other. The electric field 
thus acts an intermediary for interaction bet¬ 
ween two charged bodies. 

Similarly, the two masses are supposed to 
interact via a gravitational field and the two 
magnets through a magnetic field. The origin 
of magnetic field can, however, be traced back 
to the moving chatges as discussed later. 


The elect! ic field i 

Consider a charge q situated at some point 
in space It creates an electric field around 
it We call q, the source charge. If 
another charge q^, which we call the test 
charge, is placed at some point in this field 
(Fig. 13. 10(a), It experiences a force given by 


r 
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F =q,aE 


Fig. 13.10 (a) Force on a test charge due to a 

stationary charge 

(b) Foice on a test charge due to a 
moving charge (V< <C) 


F=q„ E ...13.12) 

where E is the electric field at that point. 

To relate the value of E to the source charge 
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we use Coulomb’s law which gives the force F is this: The force that it exerts on a test 

between q and qo as charge is independent of the velocity of test 

charge. Thus, if there is an electric field E at 
F= ..(13.13) a point, the force exerted on a test charge q^ 

at that point will be Qo E, inespective of the 
where r IS the unit vector from q to and fact whether the charge q^ is at rest or in 

(=8.85xl0-i2c2 N—m2) is the permitivity motion, 
of free space. The electric field E, due to 

q at the site of q^ is, therefore, given by The Definition of Magnetic Field 


q 

r2 


...(13.14) 


In the above discussion the source of the 
field was a stationary charge. It is found that 
a moving charge is also a source of electric 
field. If the charge q IS moving (Fig 13.10 b) 
then the force on a stationary charge is 
still given by F=qoE, where E is the electric 
field due to q at the site of q, at the instant of 
observation For small velocities* of q, 
the field is the same as due to a stationary q, 
given by equation (13.14) 

The electric field obeys superposition 
principle. The field produced at a certain 
point in space when there are number of 
sources is the vector sum of the fields that 
each source would individually pioduce if it 
alone were present. 

The force equation, F=qo E, enables us to 
define the electric field at a point without 
reference to its sources. If a test charge 
placed at rest at a point m space experiences 
a force, we say an electric field exists at that 
point. The strength of the field is the force 
per unit charge on the test charge and its 
direction is the same as that of the force 
acting on a (positive) test charge, In symbols, 


*=1 ...(13.15) 

An important property of the electric field 


Laboratory experiments show that two 
parallel wires carrying currents in the same 
direction attract each other (Fig. 13 11(a), if 



(b) 


Fig. 13.11 (d) Magnetic interaction between paral¬ 
lel wire carrying currents 
(b) Deflection of an electron beam by a 
magnetic field 


* For high velocities (of the order of velocity of light) the field becomes somewhat complicated but 
we need not to go into these details here, 
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the currents are ra opposite directions, they 
repel. It is convenient to imagine, that one 
current pi oduces some kind of field which 
exerts a force on the other current. Let us 
investigate the nature of this field. 

This field cannot be electrostatic as the 
wires have no net charge on them because they 
have equal number of electrons and positive 
ions. Moreover, if we remove wire B and 
place a charged conductor there, it experiences 
no force. This field, therefore, does not 
interact with stationary charges. 

Further, if we switch off ij, the mutual 
force of attiaction (or repulsion) is also 
switched off, although current ij and its field 
are still there. It follows, therefore, that the 
field due to i^ acts on the wire B only when 
there is a current through it, that is when 
there is a flow of charge through wire B. 

To test whether the field acts only upon 
the charges moving in a conductor or it also 
acts on charges moving freely we replace B 
with an evacuated discharge tube (Fig. 13 I [(b) 
and find that the electron beam gets deflected 
(i.e. and force acts on the moving charges). 

The magnitude of deflection varies with the 
direction of motion of the charges in the beam. 
It is found that there is a direction for which 
the deflection is zero and at right angles to it, 
the deflection is a maximum. Also, the 
deflection is found to be proportional to the 
speed of electrons So, here we have a field 
which exeits, on a moving charge, a force, 
which IS velocity dependent. We chll it the 
magnetic field and denote it by the symbol B. 

If we assume that the direction of magnetic 
field coincides with the direction of motion of 
charges when the deflection is zero, we find 
that, in general, the force on a charge q mov¬ 
ing with velocity v can be described by the 
experssion. 

F=qvB sin^ 


where cj) is the angle between B and v. Also, it 
IS found that force F is m a direction perpendi¬ 
cular to both B and v This enables us to 
express F, in vector notation as 

F=q(vxB) .. (13.17) 

The relationship between F, v and B is 
shown 111 Fig. 13 12 It is governed by the 


Z 



Fig, 13.12 Shows the direction of force on a charge 
moving in a magnetic field 

usual rule for a vector product the direction 
ofF will be the one in which a right handed 
screw will advance by a rotation of v towards 
B through the smaller angle between them. 
Then, if v and B lie in the x—y plane as 
shown, F will point out in the z direction. 
[Note that for a beam of electrons q is nega¬ 
tive and it follows from equation (13.17) that F 
has the opposite direction to that of (V X B).] 
Unit of B : In S. I. system, unit of magne¬ 
tic field B is called Tesla. In the equation, 



... (13.16) 


qvsinp 
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if F= 1 newton 
Q=1 coulomb 
j v= 1 metre/second 
4 = 90 ° 

Then, B—1 newton-second/couIomb-meter= 

1 tesla, that is, a charge of 1 coulomb moving 
with a speed of Irn/s at right angles to a 
magnetic field of strength 1 tesla will ex¬ 
perience a force of 1 newton. 

A field of tesla is a very strong magnetic 
field. The field in the neighbouihood of 
common pel inanent magnet IS 0.1 tesla The 
earth’s magnetic field on the earth’s surface is 
5X10 '® tesla. Very often the magnetic fields 
are expressed in teim of a smaller unit, called 
the gauss. 1 gauss—10~^ tesla. 

In some books B is called the magnetic 
induction. 

Source of the magnetic field 

We have seen that a current carrying wire 
produces a magnetic field. If the current is 
switched off, the magnetic field disappears. 

It immediately suggests that the magnetic 
field is the result of the motion of electrons 
m the wire One may go further and say, m 
general, a moving charge is a source of magne¬ 
tic field. 

When there is no current in the wire, the 
electrons are in thermal motion. Though each 
electron acts as the source of a magnetic 
field, these fields cancel out since electrons are 
moving in a random manner. There is no 
net magnetic field as there is no net flow of 
charge m any direction. 

13.8 Biot-Savart Law-Magnetic Field due to 
Some Current Distribntions 

A magnetic field is produced by a moving 


charge We are often interested not in the 
field of an isolated moving charge but that of 
a current in a conductor. Each of the moving 
charges within the conductor contributes to 
the magnetic field outside Experiments show 
that the direction and magnitude of B due to 
any current depend upon the current direction 
and the relative position of the observation 
point. It IS more convenient to think that the 
field IS made up of contribution from various 
segments of the conductor called the current 
elements rather than from individual charges, 
in such a case. 

The Fig. 13.13 shows a typical current 


I 



Fig, 13.13 Biot-Savart law 

element of length dl of a conductor carrying a 
current I. The magnetic field dB at the point 
P, due to the current dl is then given by 
Biot-Savart Law* : 


(iB= — 

431 


dlXr 


... (13.19) 


* This law was arrived at empmcally, by Biot and Savart, in 1820, to provide a consistent explanation 
of numerous experiments on the magnetic effects of current. 
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where IS a constant called the peimeability 
ofthe vacuLim, its value being /<,o=47t:X 10-’ 
webers/ampere metre. 

The magnitude of the field is given by 


dB=/io 


IdlsinO 

47rr^ 


.. (13.20) 


where 0 is the angle between the vector dl and 
r, r being the position vector of P relative to the 
element. 

The direction of dB is that of vector 
dlxr. In the figure 13 13, dB at the point 
P is directed into the page at right angle 
to the plane of the figure. It is easy to make 
use of Biot-Savart law to get the field in case 
of regular geometry of current distributions. 


Field at the centre of a circular coil 


Consider a loop of wire of radius r carrying 
a current I, as shown in Fig 13.14 The loop 



Fig. 13 14 Magnetic field at the cenlie of a circular 
current 

lies in the plane of paper. We wish to calculate 
the magnetic field at the centre of the loop. 

Consider the element dl of the loop. The 
magnetic field dB at the centre O due to this 


current element is given by Biol-Savart law, 

dB = I- dlXr 

471 1^ 


The dii'ection of the field is perpendicular to the 
plane of the loop and points into the plane ol 
paper. It is shown by the sign ® Since the angle 
between dl and r is 90°, the magnitude of dB, 
using equation (13 20) is given by 


dB = 

47ir^ 


(13.21) 


If we divide the loop into a large number of 
such elements we find that the field at 0 due to 
each element points into the plane of paper 
and Us magnitude is given by equation (13 21). 
The total field at O is given by 



^pTdl I 
4ni2 


dl 


Now, dl is just the total length of the loop wue 
given by 2Trr. Hence 


B = 



iiJ 

2r 


If instead of a single loop, there is a coil of n 
turns, all wound over one another, then 

B= (13,22) 


Field on the axis of the circular coil 

The field at a point on the axis of the cod at 
a distance x from its centre can be shown to be 


B = 


2(i2-(-X''*)3'» 


(13.23) 


The magnetic field lines due to a circular coil 
cairymg current are shown in Fig. 13.15. 


Field due to a solenoid 

In Fig. 13 16 are shown the magnetic field 
Imesduetoacylinderical coil carrying a cur¬ 
rent. Such a cod is normally known as a 
solenoid. 
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Fig. 1315 Magnetic field lines due to a circulai 
current 

The field is fairly uniform in the interior of 
the coil and is given by 

B=fr,ln ... (13.24) 

where I is the current and n the number 
of turns/unit length 



Fig. 13.16 Magnetic field lines due to a solenoid 

Fie^d due to a straight current 

Fig. 13.17 shows the field lines due to a 
current I flowing in a straight wire The field is 
symmetrical about the current and its value at 
a point, distant r from the current is given by 

B- AL ... (13.25) 

The field lines are circular and lie in a plane 
perpendicular to the current. 

How to find out field direction ? 

The direction of magnetic field in the above 



Fig. 13.17 Magnetic field lines due to a straight 
current 

cases can be found out with the help of the 
following rules : 

(i) For circular cwrent • Curl the fingers 
of the right hand in the direction of the 
current, the stretched thumb then points 
in the direction of the field. 

(li) For straight cun cm Grasp the wire 
in the right hand with the rhumb point¬ 
ing in the direction of cuirent, the field 
lines then follow the direction of curled 
fingers around the current 


Example 13.6 

Calculate the magnetic field due to a circu¬ 
lar coil of 200 turns, radius 0.1m, carrying a 
current 5 A, (i) at a point on the axis of coil 
distance of point being 0.20m from the centre 
of coil (ii) at the centre of the coil. 


Solution 


(i) B = 

j(i„=4iTX 10“’, 


(i) B= 


_ H-o _nr2 

2 ( r 2 + x ^)»'2 

n=200, r=0. Im, x=0.2m, 

1=2A. Hence 

47ix 10-’X 200x0.1X0.1x5 


2 X (0 l 2 + 0 . 22)=‘'2 


= 5 62x 10-* tesla, 

.... „ 4X10-’X200X5 

(„) B- - 

=62.5X1 -* tesla. 
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13,9 Motion of a Charged Parlicle in a Uni- noted that the circle lies in the plane perpendi- 
form Magnetic Field cular to B. 


Fig. 13.18 shows a charged particle of mass 
m and charge q moving perpendicular to a 
uniform magnetic field B. It experiences a 
force F=q (vXB), where v is the velocity of 
the particle. Since F_Lv, the magnetic force 
will not speed up or slow down the particle, 
but will only change the direction of its motion. 
The particle will move with a constant speed 


XXX X XXX 



Fig. 13.18 Motion of a charged parlicle in a uniform 
magnetic field 


Example 13 7 

Elections moving at right angles to a uni¬ 
form magnetic field complete a circular orbit 
in 10“*' seconds What is the magnitude of the 
magnetic field ? 

Solution 

Time for completing one oibit is given by 
t=27tr/v 

27tr 2m 

Using eq (13 26), t= 
or B = 27t m/qt 

Now m=9.1xl0-'>'kg., q-1 6x 10-i“C, 

t=10~'’s Hence 

27rX9 1xlO-3' 

^ 16 x io-i''/ao-‘> 

= 3 6X 10"2 tesla. 

13.10 Force on a Current Carrying Coudiiclor 

When a current carrying conductor is placed 
in a magnetic field, the force experienced by the 
free electrons moving in the conductor is trans¬ 
mitted to the conductor as a whole Let a 
current I flow through a conductor AB placed 
m a uniform magnetic field B (Fig. 13 19). The 
magnitude of cuirent is given by 


but Its path will be continually deflected in a 
way so as to form a circular trajectory. 

The force F=qvB gives rise to an accelera¬ 
tion a=qvB/m, which is constant in magnitude 
and perpendicular to velocity. This is the cen- 
trepetal acceleration needed to keep the particle 
in circular motion. Thus 

qvB_ v^ ... (13 26) 

m r 

where r is the radius of the cifdle. It may be 


I=enAvci 

where n is the density of free electrons, va Iheir 
drift velocity and A the area of cross section of 
the conductor. 

Now, each free-election experiences a force 
(_e) (vflXB). In a length dl, the number of 
free electrons is nAdl. The total force experi- 

tLiPrpfnri-., giyfTI by 


1 I f \i r' c ij X \ 
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X 

Fig. 13.19 Force on a cuuent carrying conductor 

If we represent the element of length by vector 
dl pointing in the direction of current, then Vd 
and dl point in opposite diiections and the 
term dlvd may be replaced by —Vddl. Hence 

dF = —nAe (—vd dlxB) 

= nAevd (dlXB) 

= I(dlxB) .. (13.27) 

If B is uniform over the whole length 1 of the 
conductor, the force experienced by the conduc¬ 
tor will be 

F = I (IXB) ... (13.28) 

The direction of the force is given by the vector 
IXB where 1 vector is taken in the direction 
of the current. If the conductor is held at right 
angles to the field as in Fig. 13.19, the magni¬ 
tude of force IS given by 

F = I IB newtons ... (13.29) 

where I is in amperes, 1 in metres and B in 
tesla. The force is perpendicular to both, the 
conductor and the field. The relationship 
between the three vectors F, I and B may be 


described by the so called left-hand rule ; Hold 
the thumb and the first two figures of the left 
hand mutually at right angles. Point the fore¬ 
finger in the direction of the magnetic field, 
centre finger towards current in the conductor, 
then the thumb indicates the thurst (force) on 
the conductor. 

Force between parallel wires canying current 
Let AB and CD be two long parallel wires 
and P a point on AB (Fig. 13 20). The mag¬ 
netic field at P caused by current Ij in CD, is 

^^^tesla 

2nr 

B D 


I I 

I I 

I I 



A C 

Fig. 13.20 Calculating the force between parallel 
curicnts 

The field B is directed out of the page and is at 
right angles to AB. The force per metre at P 
is 

f=bi= 


newton/metre. 




f 
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Tbe force is at right angle to AB, towards CD, 
in the place of paper. The same formula will 
be obtained for the force excited on CD The 
force will be that of repulsion if the currents 
are anti-parallel 

Definition of ampere 

When Ii=l 2 = 1 ampere and r = 1 metre 
F= ^ =2X10'’newton 

271 : 

This IS the basis of the definition of ampeie. 
The ampere is the strength of that current 
which when flowing m two parallel infinitely 
long conductors of negligible cross section 
placed in vacuum at a distance of 1 metre from 
each other, produces between those two con¬ 
ductors a force of 2 x 10'’ newton per metre 
length. 

Example 13 8 

Two long parallel wires carry currents of 3A 
and 4 A respectively in opposite directions. If 
the separation between them is 10 cm, find the 
force exerted by one ovei the other. 

Solution 

It can be readily seen that the force is that 
of mutual repulsion. 

The magnitude will be given by 

F=Ii 

Here, Ii=3A, Ia=4A, r=0.1m, =4x10-’ 

Hence, F=^^~^^4^2.4x 10-“ newton 
ZTcXO. I 

13.11 Torque on a Coil 

Consider a rectangular loop of wire, ABCD 
of length 1 and breadth b suspended freely in a 
uniform horizontal magnetic field (Fig. 
13.2a). Let the plane of the loop be parallel 
to the field. If there flows, now, a current I in 
the loop as indicated, each of the vertical sides, 


AD andBC will experience a force F=IBI. By 
left hand rule, the force on AD will point into 
the plane of the paper and on BC it will point 
out of the plane of the paper. The top view of 
the transverse section of the loop is shown m 
(Fig. 13.21 b), where the sign © indicates the 
cross section of wire AD with current coming 
out of the paper and the sign ® the cross 
seclion of wire BC with current going into the 
paper. The small arrows show the forces acting 
on these wires 

These forces constitute a couple and exert a 
torque on the loop given by 

T=IB/xb = IBA .(13.30) 



Id) U1 


Fig. 13.21 Torque on a freely suspended coil in a 
uniform magnetic field 

1 

where A is the area of the loop. The loop 
would rotate. As it rotates, the value of torque 
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changes although the forces on its sides remain 
the same. When the plane of the loop makes 
an angle 0 with the field (Fig 13.21 c) thet orque 
IS given by 

T =IB1 X b cos 0 =;=IBA. Cos 0 


cylinder is mounted in the space between the 
cylindencally curved pole pieces. This makes 
the field lines radial (Fig. 13.22(b) The coil 
moves in the clearing between the poles and 
the cylinder. It can be easily seen that whatever 


If instead of a single loop of wire, there is a 
coil of n turns, the torque on the coil is given 
by 

n: = IBAn cos 0 . . (13.31) 

It can be easily seen that the torque reduces to 
zero value when the plane of the coil is perpen¬ 
dicular to the magnetic field (Fig. 13.21 d). 
Rcgaidmg the forces on the sides AB and CD, 
no forces act on them when the coil lies paral¬ 
lel to the field as the direction of current 
through them is parallel to the field 

It can be shown that the expression (13.31) 
is valid foi any g.-ometiical shape of the coil- 
circular, lectangular etc , for a given area A of 
the coil 

Eqinlibnum posiiion of the coil 

If there is no lestraint on the coil, it would 
lotate until it is at right angles to the magnetic 
field. The torque in this position would be zero 
but because of Us inertia of motion the cod will 
move past this position As soon as it crosses 
0 = 90 position, a torque in the opposite 
direction develops (Fig. 13.21 e) which tends 
to bring It back. The coil would thus oscillate, 
back and forth, a few times, till its energy is 
dissipted away m overcoming frictional forces 
and it would ultimately come to rest at the 
position 6 = 90°. 

13.12 The Moving Coil Galvanometer 

Consider the arrangement shown m Fig, 
13.22. A coU made of many turns of 

fine copper wire wound over a melal frame is 

suspended by a torsion fibre m the magnetic 
field of a permanent magnet. A soft iron 




Fig 13.22 (d) Moving coi] galvanometer. F- 

suspension fibre^ M-minor^ W- 
cod, C-soft iron core, Sp-spiing 
NS-iiMgnet 

(0) Rad'al field telween pole pieces 
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be the position of the coil the plane of the 
coil is always pai allcl to the field lines There¬ 
fore, the deflecting torque when a current I 
passes through the coil, using equation (13.31) 
is given by (cos 6= cosO =1) 

T = IBAn 

where, n is the number of turns on the coil, A 
is the area of the coil and B is the magnetic 
field. 

This torque will lead to a twist 0 in the tor¬ 
sion fibre which sets up a restoring torque, C0, 
where C is the torsion constant C is defined 
as the torque required to produce a unit twist 
in the fibre In the equilibrium position the 
restoring torque equals the deflecting toique, 
hence 


C0=IBAn 
BAn 
C 


or 0= 


I 


.. (13.32) 


Thus the deflection of the coil is directly pro¬ 
portional to the current in the cofl. 

The device described above is the basic 
current measuring device, called the galvano¬ 
meter. The rotation of the coll is noted by 
reflection of a narrow beam of light from the 
small mirror attached to the coil. The suspen¬ 
ded coil type instrument is delicate and requir¬ 
es careful handling Very often a pivoted- 
ooil type (Fig 13.23) is used which is rugged 
and portable though less sensitive. The basic 
principle remains the same. 


Ammeter 

Any instrument used to measure currents is 
known as an ammeter. The galvanometer des¬ 
cribed above is a very sensitive ammeter. The 
pivoted-coil type can measure currents of the 
order of a microampere. However, the range 
of measurement of current of a galvanometer is 
quite small. For example, pivoted coil type, on 
full scale deflection can measure currents upto a 



Fig. 13.23 Pivotod-coil type galvanometer 

few milliamperes only. It can, howevei be 
adopted for measuring large ciirrenls in the 
following manner. 

Suppose It IS required to measure a current 
I with the help of a galvanometer which pro¬ 
duces a full scale deflection with a curient ig. 
Let the lesistancc of galvanometer coil be ig. 
A low resistance Rg whose value is small com¬ 
pared With Rg is placed in parallel with the 
galvanometer as shown in Fig 13 24. This en¬ 
sures that most of the current passes thiough 
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Fig. 13,24 Conversion of a galvanometer into 
an ammeter 


the shunt while the current through the gal¬ 
vanometer does not exceed the safe limit ig. 
The current I in the mam circuit divides into 
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two currents, ig through the galvanometer and 
Is through the shunt, then 

Jg Ra 

or Rg=-l^Rg=^R,, ...(13.33) 

I3 t—ig 

The following example may be illustrative. 
Example 13.9 

A galvanometer whose resistance is 120 
ohm has full scale deflection with a current of 
0 0005A. Find the value of shunt that must 
be connected in parallel so that it can read a 
maximum current of 5A. What is the resistance 
of the ammeter so constructed ? 


maximum potential difference of Vg=120 X 
0 0005=0 06 volt only. It can, howevei, be 
adapted to measure higher potential differen¬ 
ces. For this, it IS necessary to connect a high 
resistance r in series wUh the galvanometer so 
that when a potential difference V (>Vg) is 
applied across the combination (Fig. 13.25) 



Solution 

I=5A, Rg=120 ohm 
ig=0 0005A 

ohm 

The resistance of the ammeter is that of the 
combination Rb and Rg in parallel. It is given by 


Ra Rg _ 

Ra”!" 


0.()12y 120 
120 + 0 012 


= 0 0120 ohm 


A galvanometer, may, therefore be conver¬ 
ted into an ammeter to read any current. It is 
essential that the resistance of the ammeter be 
very small so that when it is inserted in a cir¬ 
cuit It may not alter the value of current it is 
supposed to measure. 


Voltmeter 

An instrument used to measure potential 
difference is known as a voltmeter. A galvano¬ 
meter can function as a voltmeter However, 
the range of measurement of a basic instru¬ 
ment is very small. The maximum potential 
difference that it can measure is that which 
will produce the full scale deflection in it and 
will be given by Vg=Rg ig. Thus, in the above 
example, the galvanometer can measure a 


Fig 13.25 Conveision of a galvanometei into a 
voltmeter 

the current through the galvanometer does not 
exceed the safe limit ig. Thus for full scale 
deflection. 

V=(Rg+r)ig .. (13.34) 

The following example may be illustrative. 

Example 13.10 

Find the value of resistance that must be 
connected in senes with the galvanometer of 
example 13.9 so that it can measure a maxi¬ 
mum potential difference of 6 volts. 

Solution 

The potential difference of 6 volts when 
applied across the combination of Rg and r, 
should produce full scale deflection m the 
galvanometer Hence 

6=(Rg+r) ig=(120+r) 0.0005 
or, r=11880 ohm 

When a voltmeter is used to measure a 
potential difference V across a resistance R 
through which a current I is flowing it is desir¬ 
able that the resistance of the voltmeter should 
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13.26 The current Ihiough the voltmeter 
affects the measured value of voltage 


fai exceed the value of R The situation is 
shown in Fig. 13 26. When a voltmeter is 
connected across R, it draws a current, say, i, 
leaving a current I -1 to flow through R. The 
potential difference across R now change fioni 
V=R 1 to V' = R(Ti) It IS V', instead ofV, 
which is measured by the voltmeter. Hence 
in order that V may stay close to the desired 
value V, 1 should be very small i.e. the volt¬ 
meter must have a very high lesistance. 


Exercises 


13.1 Is any work done by a magnetic field on a moving charge ? 

13.2 Assuming that the earth’s magnetic field is due to a large circular loop of 
current in the interior of the earth, what is the plane of the loop and what 
IS the direction of current around it ? 

1'3.3 A small coil carrying a current is placed in a uniform magnetic field, How 
does the coil tend to orient itself relative to the magnetic field ? 

13 4 Explain why the two parallel wires carrying current m opposite direction 
repel each other. 

13 5 Two parallel wiies carrying cuirent in the same direction attract each other 
while two beams of electrons travelling m the same direction repel each 
other Explain why ? 

(Hint: A current in the wire produces only a magnetic field while an elec¬ 
tron beam is a source of both, an electric and a magnetic field) 

13.6 What is the number of free electrons in a piece of silver of area of cross 
section 1.0 X 10~*m2 and length Im. Atomic weight of silver==108, density 
of silver=105 kg/m^ Assume there is one free electron per atom. 

(5.83X102^ 

13.7 How many electrons pass through a lamp in one minute if the current is 

300 mA. (1.12X102'>) 

13.8 A potential difference V is applied to a conductor of length L, diameter 
D. How are the electric field E, the drift velocity va and the resistance R 
affected when (i) V is doubled, (li) L is doubled, (lii) D is doubled. 



58 


PHYSICS 


13.9 A platinum wire has resistance of 10 ohms at 0°C and 20 ohms at 273°C. 
Find the value of temperature coefBcient of resistance. (a = 1/273 per °K) 

13.10 At Rs 0.40 per kWhr, how much will it cost to have a 60W lamp burning 

for 5 days ? (Rs, 2 88) 

13.11 Near room temperature, the thermo e.m.f. of a copper constantan couple 

IS 40/j,V per degree What is the smallest temperature difference that can be 
detected with a single such couple and a galvanometer of 100 ohm resis¬ 
tance capable of detecting currents as low as 10““ amperes. (2 5°) 

13.12 The electron in the hydrogen atom circles around the proton with a speed 

of 2.18 X 10“m/s in ail orbit of radius 5.3XlO~ilm. What magnetic field 
does It produce at the proton. (12.5 tesla) 

13.13 A horizontal wire 0.10m long carries a current of 5A. Find the magnitude 

and direction of the magnetic field which can support the weight of the 
wiie, assuming its mass is 3.0x 10'“j£g/m. (5 88 x 10-2 tegja) 

13.14 Along straight wiie carries a current of2A. An electron tiavels with 

a velocity of 4.0X lO’m/s parallel to the wire 0 Im fiom it, and in a direc¬ 
tion opposite to the cuirent. What force does the magnetic field of current 
excit on the moving electron ? (2,56 X lO'^o newton) 

13.15 The coil of a galvanometer is 0.02x0.08 ra. It consists of 200 turns of fine 
wire and is m a magnetic field of 0.20 tesla. The restoung loique constant 
of the suspension fibre is 10““ Nm/degree. Assuming the magnetic field to 
be radial, 

(i) What is the maximum current that can be measured by this galvano¬ 
meter if the scale can accommodate 45° deflection ? 

(li) What is the smallest current that can be detected if the minimum 
observable deflection is 0.10 degree ? (7x 10“'^ A, 1.6X 10““ A) 

13.16 A galvanometer has an internal resistance of 1.0 ohm. It gives maximum de¬ 
flection for a current of 50mA. Show how this instrument can be converted 
into (i) a voltmeter with a maximum reading of 2.5 volt (ii) an ammeter 
with a maximum reading of 2.5A. 

(series resitance=49 ohm, 
shunt resistance= 1/49 ohm) 



UNIT 14 


Electromagnetic Induction 


Earlier we have seen that electric curieiits 
geneiate magnetic lields In this chapter we 
shall deal with the converse efl'ect the produc¬ 
tion of electric currents with the help of mag¬ 
netic helds The phenomenon is known as 
electromagnetic induction. It was discovered 
by Faiaday in 1831. 

Faraday desciibed the phenomena in leims 
of magnetic flux, which we define first 

14.1 Magnetic Flux 

Consider a closed curve, Fig. 14 1, bound- 
rng a plane surface of area A. Suppose there 


If B IS not perpendicular to the suiface, the flux 
through A is given by 

= B A 

= BAcos0 (14 2) 

wheic 0 IS the angle which the vector B makes 
with the noimal to the suiface. 

In S 1 system, unit of magnetic flux is weber. 
A uniform magnetic field of 1 tesla, noimal 
to an aiea of 1 would give rise to a flux of 
1 weber. 

Since B = ifjA., field B is quite often ex¬ 
pressed as weber/in^ instead of tesla. 




Fig. 14,1 Magnetic flux through an area depends on 
its orientation w r t, the magnetic field 

IS a uniform magnetic field B perpendicular to 
the surface. We define the magnetic flux through 
the area A as 

<f> = AB ■ 1(4.1) 


Positive and negative jinx 

A normal can be drawn to a plane in two 
ways. The flux is taken as positive when the 
normal points out in the direction of the field, 

1 e 6—0 When the normal points in the op¬ 
posite direction, 0=180° audflux=BA cos 180° 
= —BA, that IS. negative. 

14 2 Laws of Electromagnetic Induction 

There are two laws governing the pheno¬ 
menon of electromagnetic induction, (i) 
Faraday’s law, that gives us the magnitude of 
induced e m f. (ti) Lenz’s law which tells us 
the direction m which an induced em.f. acts. 
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(/) Faiaday's Law . Faraday showed that an 
e.m f. IS induced in a ciicuit whenevei there 
IS a change m the magnetic flux enclosed by a 
ciicuit. The magnitude of the induced e.m.f 
IS equal to the rale of change of flux tliiougli 
the circuit. 

Thus 



(ii) Lmz's Law : The polaiity (or sense) of 
an induced e m.f. is such that the induced 
cuirent flows in a direction so as to oppose the 
change which is causing the induction. Thus, 
if the magnetic flux is decreasing, the induced 
current in the ciicuit must flow in a direction 
to create flux m the direction of original flux. 
And, if the flux is increasing the induced current 
■would create a flux that will be opposite in 
diiection to the oiiginal magnetic flux. 

Remembering Lenz’s law, Faiaday’s law is 
written as 

E=— 

dt . (14.4) 

When the equation is applied to a coil of N 
turns, an e m f. develops in every turn and 
the total e m f. that appeals at the terminals 
of the coil is the sum of all these e.m f.s In 
such a case, induced e.m.f. is given by 



If flux changes from to <^a in time t, then 
the aveiage e m.f induced is given by 

E = . (14.6a) 

If <f> is in webers and t in seconds, then E is in 
volts. 

Example 14.1 

A 100 turn close-packed coil of diameter 


0.20 m is placed with its plane perpendicular 
to a uniform magnetic field. The field value, 
then vanes at a uniform late from 0.10 
webei/m® to 0 30 webcr/m^ in 6,0 X lO'^s. Find 
the e m f. induced in the coil 

Solution 

Here N = 100 

<(■3-9^1 = A (Ba-Bi) = IT XO.102 

(0 30 — 0.10) webers. 
t = 5.0 X 10“^ s, 

100x0.102x0 2077 
5x10-2 

= — 12.6 volts 

Minus sign indicates that the e m.f. acts in 
such a diiection as to send a current which 
would oppose the increase in flux. 

Example 14.2 

A coil lies m a unifoim magnetic field 
B with its plane perpendicular to the field, 
Fig 14.2(a). In this position the normal to the 
coil makes an angle 0° with the field The coil 
rotates at a uniform rate to complete one 
lotation in time T. Find the average induced 
e m f. in the coil during the interval when the 
coil rotates, 

(0 from 0° to 90° position. Fig. 14,2(b), 
(it) from 90° to 180° position, Fig. 14.2(c), 
(hi) from 180° to 270° position, Fig. 14.2(d), 
(iv) from 270° to 360° position, Fig. 14.2(a). 

Solution 

(i) initial flux in position (a), ^i==BxA 
final flux in position (b), 

i^ 2 =BA cos 90°=0 

time t=-~ 

4 
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c d 

Fig. 14.2 Illustrates exaraple 14.2 


Average induced e.m.f. 

E = - {<!>, - 

(0 - BA) _ 4BA 
“ T/4 T 

(«■) initial fiux, ^ 0 

final flux, ^2 = BxA cos 180° 

= - BA 

Average induced e.m f. 

(-BA-0) _ 4BA 
^ ~ T/4 T 

(ill) initial flux, 9^1 = —BA 
final flux, ^2 = 0 
Average induced e.m.f. 

^ O-(-BA) 

-t7T“ 

4BA 

T 


(iv) initial flux, 5^1 = 0 
final flux, i />2 = BA 
Average induced e m f. 

T. __ (BA-0)_-4BA 

T/4 T 

Since the sense of the induced e.m f. in the 
second half rotation is opposite to that in the 
first half rotation, the induced ciinent will 
change its direction after first half rotation. 

14 3 Methods of Creating Induced E M.F. 

An induced e.m.f. is produced by the change 
in magnetic flux passing through a circuit. The 
magnetic flux may be changed, in view of 
equation (14 2), by one of the following 
methods : 

(a) changing the magnetic field B 
(fi) changing the area A of the loop (circuit) 
(c) changing the relative orientation of B 
and A. 

Induced e m.f. by changing B 

This can be accomplished in following ways, 
(i) In Fig. 14.3 an induced e m.f. will be 
set up in the wiie loop when there is a relative 
motion between the loop and the magnet. By 
keeping one of them, the loop or the magnet, 
fixed and moving the other one changes the 
magnetic field at the loop This causes a change 
in the flux linked with the loop which pioduces 
the induced e.m.f. in the circuit. The direction 
of induced curient follows Lenz’s law. Thus, 
in a given situation the induced current flows 
in the indicated direction so as to oppose the 
change in magnetic flux through the loop 
caused by the relative motion. Replacing the 
magnet with a coil carrying current would give 
us the same results. 
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Fig. 14.4 Induced e.m.f. caused by change in the 
magnetic flux due to changing current in 
the neighbouring circuit 


the faster the rate of change, the greater is the 
induced e m f. and the cuirent caused by it. 


Induced e m f by changing A 

Consider a conductor ab moving with a 
velocity V towards right on U shaped conduct¬ 
ing lails situated in a magnetic field, as shown 
in Fig 14 5. The field is uniform and points 


Fig. 14 3 Induced e.m f is caused in the loop by 
change in flux due to change in B at the loop 
by relative motion ot the loop and the source 
of the magnetic field 

(li) Anothei way of changing B is illustrated 
in Fig 14 4 A change m the current m the cir¬ 
cuit B produces a coiresponding change in the 
magnetic field at the site of a neighbouring 
circuit A The consequent change tn the mag¬ 
netic flux ihiough the loop A causes an induced 
current to flow thiough it The effect is more 
pronounced when the current in the loop B is 
switched on or oT than when it is varied by 
sliding the contact in the variable resistor R. 
The reason is, the magnitude of the induced 
depends upon the rate of change of flux, 


X X X X ' X I X X 
1 ^ vdt 
1 1 



X X X X X XX 

Fig 14 5 Induced e m f. caused by change in flux 
due to change in area of the circuit 

in the plane of the paper. As the conductor 
slides, the area of the circuit changes from 
abed to a' b' c d m time df This causes an 
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increase in flux given by 

d<;> = B (area a' b' c d — area abed) 

= B area a' b' b a 

= B 1 vdt .. (14 7 ) 


This gives rise to an induced e.m f. in the cir¬ 
cuit whose magnitude is given by 


I E 1 


dt 


Blv 


. (14 8) 


The induced current flows in the direction 
shown according to Lenz’s law. 


Example 14.3 

An aeroplane with a wingspan of 30 metres 
flies at a horizontal speed of 100 metres per 
second in a region where the vertical compo¬ 
nent of the magnetic field due to earth is 
5 0X10"® weber/m'h What is the potential 
difference between the tips of the wings 

Solution 

The metal between the wing tips can be 
considered to be a single conductor which is 
moving at right angles to a magnetic field The 
induced e m f. cieatcs a potential difference 
between the tips Its value is given by 

E = Blv 
Here 

B = 5 0x10"® weber/m^ 1 = 30 metre, 

V = lOOm/s. 

Hence, 





Fig. 14.6 Rotating coil in a magnetic field 

angle 0 with the field is given by 

1 ^ = BA cos e (14 9) 

As the coil rotates, the magnetic flux through 
it changes continually. Since the flux is chang¬ 
ing theie will be an e.m f. induced in the coil. 
The diiection of the e.ra.f. will, however, not 
remain constant but go on i eversing after every 
half lotation (Example 14 2). The outer ter¬ 
minals 1 and 2 of the coil will alternately 
become l'Ve and—ve after inteivals of time 
T 

where T is the period of rotation. If these 

terminals are connected to an outside circuit, a 
current will flow in it which will reverse its 

T 

direction at intervals of time — ■ 


E = 5.0 X10"® X 30x100 
= 0 15 volt 

Induced e.m f. by changing relative orientation 
of the coll and the field 

Consider a coil free to rotate about an axis 
m its own plane, the axis being perpendicular 
to the magnetic field, as in Fig. 14.6. The flux 
through the coil when its normal makes an 


Let the angular velocity of the coil be <o. If 
we measure time t fiom the instant when the 
coil was perpendicular to the field i.e. 0 = O at 
t = O then at time t 0 = ait 
Therefore, from equation (14.9), 

^ = BA cos oit 


and 


dt 


= — BA(o sin (ot 


(14.10) 
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If the coil consists of N tin ns, the induced 
e m.f IS given by 

E= —N ~== BA N sin wt . (14.11) 

The induced e.m f is an alteinating one. 
The e in f is maximum when cut = 90°, i e. when 
the plane of the coil is paiallel to the field 
Denoting the maximum value by Eo we have, 

Eo = BAuiN . (14 12) 

The value of Eo depends upon the strength of 
the field, the aiea of the coil, the speed of 
rotation and the nuinbei of turns in the coil, 
Eo IS called the amplitude or peak value of 
e m f. If the coil makes f rotations per second, 
we have 

E = Eq sin cut = Eo sin 27trt .. (14.13) 

If E IS plotted against t. the giaph is a sine 
curve, as shown in Fig 14 7(a) Such an em.f. 
is said to be sinusoidal We also refer to it 
as alternating e.m f. This e m f will appear at 
the terminals of the rotating coil and may be 
transferred to an external circuit by suitable 
means. 

It may be noted that had we measured the 
time since the instant when the coil was parallel 
to the field, i e. at t = 0, 0 = 7r/2, then at time 
t we would have, ^=BA cos (cut -|- 7r/2). It 
would have given us, E = Eo cos cot. The 
curve of e m.f. would have been as shown in 
Fig. 14 7(b) Except for the matter of choosing 
'the zero of time, there is no essential difference 
between the sine and cosine foims. Both are 
known as sinusoidal functions. 

Example 14.4 , 

A rectangular coil of dimensions 
0.10m xO 05m, consisting of 1000 tuins lotates 
about an axis parallel to its long side, making 
3000 revolutions per minute in afield of 100 


E- Eo Sin wt 




Fig. 14.7 Wave forms of alternating e.m.f. 


gauss. What is the maximum e.m.f. induced 
in the coil, and the instantaneous value of 
e m f when the coil is at 45° to the field ? 

Solution 

3000 rev. per minute = 50 rev. per second 

cu = 2n:X 50 = IOOtt 
E = coN AB sin cut 

Here, 

cu = IOOtt, N = 1000; A = 0,10x0,05m^; 
B = lOOX 10~* tesla. 


ELECTROMAGNETIC INDUCTION 


65 


E= IOOttX 1000X0.10x0 OSXlOOxlO-* 

sin 100 TTt 

= 571- sin 100 nt 

Maximum value of induced e.ra.f., 

Eo = Stt =15.7 volts 

When wt = 45°, E = Eo sin 45° 

= 15 7X Vi = 11-2 volts. 

14.4 The Generator or Dynamo 

What we have described above is the princi¬ 
ple of a generator, a means of producing electric 
jurrent continually by mechanical means. It 
is the most important method of converting 
nechanical energy into electrical energy. 

Fig. 14 8 shows schematically the essential 
parts of a generator. A coil abed capable of 





Fig. 14.8 A C. Generator 


rotation about the axis XX is situated in the 
field of a magnet NS. As the coil rotates an 
alternating e.m.f. develops in the coil which is 
fed to the external circuit by means of a pair 
of metal slip rings, Sand S'which m 


rigidly to the same shaft which is used to rotate 
the coil Each iiiig is connected to one termi¬ 
nal of the coil and rotates with the coil The 
rings maintain sliding contact with the brushes, 
B and B'. The output e.m f of the generator 
IS alteinating as shown m Fig 14 7. As the 
coil lotates, the current flows out through the 
brush B for one half of a revolution and through 
the brush B' for the next half. The current 
through the external resistance R is also 
alternating. 

If one directional, i e. direct current is 
desired, the slip rings are replaced by what is 
known as a split ring commutator as shown in 
Fig. 14.9 The commutator rotates with the 
coil. As before brushes make sliding contact 



Fig. 14.9 D. C. Generator 

with the commutator for half the rotation when 
Cj IS positive, it is in contact with the brush B, 
for the other half of rotation it is Ca which is 
positive and is in contact with B. Thus the 
current always leaves the generator through the 
brush B and we get a diiect current in the 
external circuit. The output, however, is pulsat¬ 
ing as shown m Fig 14 10. If we have several 
coils, uniformally spaced, as in Fig. 14.11, all 
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Fig. 14.10 Output e.m.f. from a single coil 
D. C. Generator 



2 

Fig-1**-!! coils rotating in a magnetic field 


connected in series, the maximum value of 
e.m.f. occurs in each coil at different instants 
and the net effect is an almost constant uni¬ 
directional e.m.f with a small ripple. Fig. 14.12 
shows results achieved with four coils. More 
coils would give an even more smooth output. 

14 5 Mutual Inductance 

Consider two coils P and S placed near 
each other, Fig. 14.13(a). If coil P carries a 
current, it produces a magnetic field which pro¬ 
duces a magnetic flux through S. If the current 
in the coil P, called the primary, is changed, it 
would cause an induced e.m.f. in the coil S, 
called the secondary. 

Let the current through primary coil at any 
instant be Ii. Then the magnetic flux at any 
part of the secondary coil will be proportional 
to Ii that is 

4>i oc Ii 

Therefore, the induced e.m.f in the secondary, 
when Ii changes, is given by 


AAA/WVWWVW 


i.e. 


E = — 
E oc — 


d<^3 

dt 

dt 


Mdli 

dt 


... (14.14) 


I 



Fig. 14.12 Output e.m.f. from four coils rotafing 
Ip a magnetic field 


where M is the constant of proportionality, 
called the mutual inductance of the two coils. 
It is defined as the e.m.f induced in the secon¬ 
dary by a unit rate of change of current in the 
primary. When E is expressed in volts, and 

in amperes/second, M is in volt/second/ 

ampere, called henry (H). The mutual induc¬ 
tance between the circuits is IH, if a rate of 
change of current of lA/s in the primary pro¬ 
duced an induced e.m.f. of 1 volt in the 
secondary. 
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flux of the primary links with the secondary. 
Thus the value of M will be minimum when 
one coil IS perpendicular to another as m 
Fig. 14.13(c). The mutual inductance is further 
increased, if the coils m Fig. 14 13(b) are wound 
over an iron core, by a factor /n, where p. is the 
permeability of iron. 

14.6 Self-inductance 



When a current flows in a coil, it gives rise 
to a magnetic flux through the coil itself. If 
the current strength changes, the flux changes 
and an e.m.f. is induced in the coil. Thise.m.f. 
is called self-induced e m.f. and the pheno¬ 
menon is known as self-induction. 

It IS easy to see that the flux through the 
coil is proportional to the current through it, 
i. e. 



p 


(c) 

Fig 14.13 (a) Mutual induction. Variation of current 
in primary coil P induces an e.m.f. in the 
secondary coil S. 

(b) case of largest value of M 
(o) case of least value of M. 

M depends upon the number of turns in 
the coils, their geometrical shape and their 
separation. It is maximum when the entire 


i|> oc I 

and, therefore, the induced e.m.f. E is given by 
— di^) 


d, 

/.e. EdC-l —tif ...(14.15) 


,here L is called the self-inductance of the 
oil. Like M, L is also measured in henry, 
ij, coil has self-inductance of 1 henry if an 
m.f. of 1 volt is produced in it when the 
•urreat passing through it changes at the rate 
jf one ampere per second. ^ 

Self-inductance, often called inductance, is 
1 constant of the coil. It depends upon the 
number of turns, area of cross section, arid the 
permeability of the core material. The larpr 
the number of turns and area of cross section 
of a coil, the larger is its inductance.^ H coil is 
wound over an iron core, the sdf-wductance 
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increases by a factor tJi. where n is the perme¬ 
ability of iron. A coil possessing an appreciable 
inductance is known as an inductor. 

Example 14.5 

What e.m.f will be induced in a lOH 
inductor in which the current changes from 10 
amperes to 7 amperes in 9.0x 10~“ seconds ? 


current and it takes some time before the current 
reaches a steady value given by Ohm’s law 
Io=E/R The effect of inductance, therefore* 
is to increase the time taken by the current to 
reach its limiting value lo The length of this 
time depends on the value of L and may vary 
from a few milliseconds to several seconds. The 
manner in which I attains the value lo is shown 
in Fig. 14.15 for two values of L. 


Solution 


E = 



= ~ L 


= - 10 - 


(I. - Ii) 
t 

(7-10) 

9 0 X 10-2 


== 333 volts 


Inductance in a d.c. circuit 

Figure 14.14 shows an inductance L and a 
resistance R (including the resistance of the 



Fig. 14.15 Growth of current in an inductive 
circuit 


L R 

—vvwwv 


Fig. 14.14 Inductance made, circuit 

coil L) connected to a battery of em.f. E. 
When the key K is closed, the current begins 
to grow. As the current increases, the magne¬ 
tic field associated with it also increases and so 
does the magnetic flux through the coil. This 
increasing flux induces an e.m.f which produces 
a current opposed to the one which is growing, 
(Lenz’s law). This limits the rate of rise of the 


Similarly, when a current flowing in a 
circuit containing inductance is interrupted, an 
induced e m.f. is set up in the circuit which 
tends to maintain the current. Thus in Fig. 
14.16 if the switch K is opened, the current 
decreases rapidly, if this change takes place 
very rapidly, the induced e.m.f. may be quite 

L R 

I- flTJTJlS'Jrzr' --1 


_I 

E K 

Fig. t4.16 Opening the switch in an inductive 
circuit leads to sparking 
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large and may cause a spark to jump across 
the partially open switch When the initial 
current is large and the inductance high, the 
spark may be sufficiently strong to cause 
damage to switch contacts and insulation. 
Switches for d.c. ciicuits, m such cases, are so 
designed as to allow the current to decay gra¬ 
dually and thus prevent sparking. 

14.7 Some Phenomena Connected with Inductance 

(i) Eddy currents 

When a sheet of metal is placed in a chang¬ 
ing magnetic field, induced currents are set up 
in the sheet which oppose these changes. These 
are known as eddy currents. The currents are 
circular, their sense of flow can be ascertained 
by applying Lenz’s law. Fig. 14 17 shows some 
eddy currents in a metal sheet placed m an 
increasing magnetic field pointing in to the 
plane of paper. 



Fig. 14.17 Eddy currents 

Since the resistance of metals is quite low, 
these currents may be quite large and may 


produce considerable heating effects. Eddy 
currents are used m heating small metal speci¬ 
mens by putting them in rapidly changing 
magnetic fields produced by high frequency 
alternacing currents. It is called inducation 
heating. 

Eddy currents are considered undesirable in 
electrical appliances and machinery, where iron 
is widely used, as they cause unnecessary 
heating and wastage of power. This is avoided 
by building up the desired iron part with thin 
sheets of the metal which are insulated from 
each other. The planes of sheets ate placed 
perpendicular to the direction of currents that 
would be set up by the e.m.f induced m the 
material. The insulation between the sheets 
then offers high resistance to the induced e.m.f. 
and the eddy currents are substantially 
reduced 

(j'O Electromagnetic damping 

When a current is passed through a galvano¬ 
meter the galvanometer coil usually suffers a 
few to and fro oscillations before settling down 
to its proper deflected position The motion of 
the coil is damped largely because of electro¬ 
magnetic damping—as the coil moves in the 
magnetic field, a counter e m.f. is induced in the 
coil which opposes its motion. The electro¬ 
magnetic damping can be further increased by 
winding the coil on a metallic frame. As the 
frame moves, eddy currents are generated in the 
frame which use up energy and hence damp the 
motion. In a properly constructed galvano¬ 
meter oscillations can be prevented completely— 
the coil deflects and stays at its final position. 

14.8 Alternating Current 

Let a source of alternating e.m.f. (repre¬ 
sented by the symbol (-*) be connected across 
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a resistance R, Fig. 14.18. As the e.m.f., 
E = Eo sin tot, changes with time, the current 

R 



Fig. 14.18 A. C. source with resistance 


through the circuit also changes. At any ins¬ 
tant, the current would be given by Ohm’s law 


T E _ E„ . , 

= In sin tut = lo sin 2n ft. 


... (14.16) 


where Io=Eo/R is the maximum or peak 
value of current, f is the frequency and t is the 
time. The current is sinusoidal and is known 
as alternating curient. Its variation with time 



. Fig. 14.19 (a) Wave form of alternating current 
(b) steady current 

is shown in Fig. 14.19, the time scale chosen is 
for the commonly used 50 c/s alternating current 
For half the cycle the cuirent flows in one 


direction and for the other half in the opposite 
direction. A steady direct current is also shown 
m the same diagram for comparison. 

Since an a.c. currenf" varies in magnitude 
continuously and changes direction periodically, 
the effects produced by it (such as the magnetic 
effect) will also vary with time. The question 
immediately arises as to how can we measure 
such a current ? How do we define an ampere 
of an alternating current ? There is only one 
effect which is independent of the direction of 
the electric current—the heating effect, which 
we make use of for this purpose. We compare 
the heating effect of an alternating current with 
that of a direct current and define the former 
in terms of the latter. 

The effective value of an alternating current, 
hff is, therefore, defined as that magnitude of 
direct current which produces the same heating 
effect in a given resistance as the given alterna¬ 
ting current. Thus an a.c. ampeie would be 
an a c. current that produces a heating effect 
equal to that of one d.c. ampere. 

It is found that an a.c, current I=Io sin wt, 
produces the same heating effect as d.c. 
current of Iq/V 2. The value 

H//=^ = 0.707 lo .. (14.17) 

is known as the effective value of the a.c. 
current. This is also known, sometimes, as 
root-mean-square or r.m.s. current.f 

The effective or r.m s. value of an a c. 
voltage IS defined in an exactly similar way and 
we have 

Ec// = -^= 0.707 Ea ... (14.18) 


* Since a. c means alternating current, it may seem wrong to use the terms, an a c. current or an a c 
voltage, from language point of view, but it has now become a common practice to use these terms 
t The reason is, the square root of the mean of the square of the current i e VfF)^ av. •= I()/V2. 
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Hereafter, whenever numerical values of a.c. 
voltage and current are given, it is effective 
values which are meant unless specifically stated 
otherwise. Thus an a c. current of lOA means 
that the current vanes m a sinusoidal manner 
with a peak value of 10\/2 A. An electric 
supply at 220 v means the peak value of voltage 
is220\/2 = 310v. 

14.9 A. C. Circuit Containing Resistance Only 



Fig. 14.20 Current is in phase with voltage in a 
resistive a.c. circuit 


Figure 14.18 shows a resistance R connected 
In series with an a.c. source of e.m.f. 

E = Eq sin cut ... (14.19) 

At any instant, the potential difference across 
the resistance R, between the points c and d, is 
given by 

V = IR (14.20) 

where I is the instantaneous value of current. 
At every instant, the p.d, between points c and 
d must be equal to the p.d. across the source 
terminals a and b. Thus 

IR = Eo sin iot 

Er. 

or 1= - 5 - sin wt = lo sin cot ... (14.21) 

where I(,+Eo/R is the amplitude or peak 
value of the current. Graphs of functions for 
the instantaneous values, E and I, (Fig. 14.20), 
show that both the current and the voltage 
start at zero at the same time, reach maxima at 
the same time and have the same sinusoidal 
shape. The voltage and the current under 
these conditions are said to be in phase. 

A voltmeter connected across the resistor 
would read the effective voltage whose value 
is E 0 IV 2 . Similarly, an ammeter in the circuit 
would read lolV2 for the effective current. We, 


then, have 

■r _ lo Eo Ee// 

V2 R\/2 R 


... (14.22) 


14.10 A.C. Circuit Containing Inductance 
Only 

Although it is difficult in practice to have a 
pure inductance, it is useful to consider the 
effects of a pure inductance in an a.c. circuit. 

When a steady current flows through a pure 
inductance, the potential difference between 
points X and Y (Fig. 14.21) is zero as no resis¬ 
tance IS offered to the cuirent. If the current 

L 

-i-®—nSYSMffSJ'—•— 

X Y 

Fig. 14.21 P.D. across an inductor L is given by 
Ldl/dt 

is changing then an induced e.m.f. (—Ldl/dt) 
exists in the inductor which opposes the change 
in the current. This makes the potential of Y 
different from X. The potential drop, when the 
current flows from X to Y is given by 

V.-V.-l|- 

Now consider the circuit of Fig. 14.22. 
Suppose an alternating current given by 

I = lo sin wt (14.24) 
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flows in the inductor What must be the applied 
e.m.f. in the circuit in order to produce such a 
current ? 

The instantaneous value of p.d. acioss L, 
between points c and d, is given by, equation 
(14 23). 



= L ^ (lo sin <ot) 
dt 

= Lw lo cos tut (14.25) 

Now, the pd between points c and d must, 
at every instant, be equal to the p d across the 
source terminals a and b. Hence the instanta¬ 
neous value of applied e.m.f. is given by 

E == Ltu lo cos tot = Eo cos tot 

^ Eo sin (tot+7r/2) . (14.26) 

where Eo = Ltolg is the amplitude or peak 
value of the applied e m f Comparing with 
the resistive case, Eo = Rio, we find toL plays 
the same role here as the resistance R in the 
earlier case, that is, it impedes the flow of 
current. The quantity 

tuL = Xl = 271 fL (14.27) 

is called the inductive reactance of the circuit 
and has the unit of ohm 

From equations (14 24) and (14 26), it is 
seen that the current and the voltage are 90° 
out of phase. Fig. 14.23 shows the way in 


E 1 



Fig. 14.23 Current 1 lags the voltage E by 7i/2 in an 
inductive circuit 

which the instantaneous values, I and E, vary, 

I reaches maximum value a quarter of cycle 
later than E. One says that the pure induc¬ 
tance causes the current to lag behind the 
e.m f. in phase by 7r/2 (radians). 

A voltmeter connected acioss the inductor 
would read Eq/\/ 2 for the effective voltage and 
an ammeter in the circuit would read Io/'\/2 for 
the effective current. 

We then have, 

T lo _ Eo _ Eo// _ Eo// 

V2 Laiv'2 Lw X 

. (14.28) 

Inductive reactance Xl plays the same role 
here as the resistance R in equation (14.22). 

Example 14 6 

The current through a 1.0 henry inductor 
varies sinusoidally with an amplitude of 0.5 
amperes and a frequency of 50 cycles per second. 
Calculate potential difference across the termi¬ 
nals of the inductor. 

Solution 

I = lo sin 271: ft 

p. d. across the inductor is given by, 

V = L ^ = L (lo sin 27i:ft) 

= 2nfL.Io cos 27i;ft 
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Amplit ude of voltage is, 


2nfLIo = 2X3.14X50X1 0x0 5 = 157 

volts 


V = 157 cos lOOnt 


Therefore, 

The voltmeter will read the effective value 
Vo 157 

Example 14 7 


Capacitor in a dc.ciicuit : Consider the 
circuit shown in Fig. 14.24. As soon as we 

A 


I K 

Fig. 14.24 Capacitor in a d.c circuit 



What is the inductive reactance of a coil if 
the current through it is 80 mA and voltage 
across it is 40 V ? 


Solution 

These are the effective values hence. 


Xl = 


v»// 

liSf 


40 

80 X10-“ 


= 500 ohms 


Example 14 8 


At what frequency will a 0 5 henry inductor 
have a reactance of 2000 ohms ? 


Solution 

Xi = oiL = 27rfL 
2000 = 2irfX0.5 

f_ 1222 . _ 637. 

Tt 

14,11. A. C Cilcuit Containing Capacitance 
Only 

A capacitor consists of two plates of con* 
ducting material separated by an insulator. Its 
resistance is, therefore, practically, infinite. We 
might expect that when a capacitor is put into 
a circuit, d. c. oi a. c . no current would flow. 
This is not so. Let us first consider a capaci¬ 
tor in a d.c. circuit. 


press the key, electrons begin to flow from the 
negative terminal of the battery to the plate B 
and from plate A to the positive terminal of the 
battery. The plate A thus begins to acquire 
positive charge and the plate B, negative charge. 
This charging of the capacitor continues till the 
potential difference between the plates becomes 
equal to that across the battery terminals. 
Then, it ceases. This flow of charge is equiva¬ 
lent to a current. Thus a current does flow in 
the circuit, during the charging process, though 
not through the capacitor but in the remainder 
of the ciiciiit The ammeter would, therefore, 
show a momentaiy deflection. The direction 
ofcurient is from the plate B to the plate A 
via the batteiy. Its magnitude at any instant 
IS given by the rate of growth of charge on the 
capacitor. 

1 =^ 

dt ... (14.29) 

The charging process can be extended in 
time if we include a resistance in the circuit. 
Fig. 14.25 It IS found that the final charge on 
the capacitor, given by 

Qo = VoC ... (14.30) 

where, Vo = battery voltage, C = capicitance, 
is reached asymptotically as shown in Fig. 14.26. 
(Compare with the growth of current in a d.c. 
inductive circuit). 
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Fig. 14.25 Charging of a capacitor through a resistance 



Fig. 14.26 Growth of charge on capacitor with time 



Fig. 14.27 A. C. source with a capacitor 


direction and discharged. As this charging and 
discharging of the capacitor is talcing place 
continuously, a continuous current exists in the 
circuit. Let us find out the nature of this 
current. 

It IS evident that thep.d. across the capa¬ 
citor between points c and d, at every instant, 
has to be exactly the same as that across the 
souice terminals a and b. Therefore the capaci¬ 
tor must charge and discharge m such a manner 
that the p.d. across it, V, is sinusoidal and 
equal to the applied e.m.f. at every instant. 

That IS, 

V = E = Eo sin cut 

The charge on the capacitor, at any instant, 
is given by 

Q = CV 

Therefore, current at any instant is given 
by 

. do „dV ^ d . ... 

= Eo Ctu cos cot 
= lo cos cot 

= lo sin (cot+Tt/Z) ... (14.31) 


where, 



... (14.32) 


Thus, in this case, the current is sinusoidal 
but 90° ahead of e m f., in phase. The wave 
form of E and I are shown in Fig. 14.28. The 


quantity 

Capacitor in an a.c. circuit'. Now consider j 

the capacitor in an a.c. circuit, Fig. 14.27. As Xo = = ^refC" 

the voltage from the source is continually 

changing, the charge on the capacitor is also is known as the capacitive reactance of the 
continually changing. During a complete cycle, circuit. It plays the same role in this case, as 
the capacitor is first charged m one direction, the inductive reactance Xi. in the inductive case, 
then discharged, again charged in the reverse Its unit is ohm. 
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Fig. 14.28 Current I leads the voltage E by w/a in a 
capacitive circuit 


A voltmeter connected across the capacitor 
would read Eo/-\/2 for the effective voltage and 
an ammeter in the circuit would read Io/v'2 for 
the effective current. We, then, have 

T /., = ~l2. = __ Bcff 

vr vr(i/Cw) i/cw xo 

. . (14.34) 

Example 14.9 


What IS the capacitive reactance of a 5-pf 
capacitor when it is part of a circuit whose 
frequency is (j) 50c/s {ii) 10®c/s ? 

Solution 

= 637 ohms 

^ 2:tXlO«X5XlO-« 

= 3.18 X 10“® ohms. 

14.12 LCR Circuit 

A resistor, an inductor, or a capacitor, each 
of these circuit elements impedes an alterna¬ 
ting current. The impeding effect is measuied 
by the resistance (R), the inductive reactance 
(Xi,) and the capacitive reactance (Xo), respec¬ 
tively, which are defined by 


j-R (for resistor) 

V 

'j~ = Xi, (for inductor) 

V 

-j-= Xo (for capacitor) 

where V is the effective voltage across the 

circuit element and I the effective current 
through It. 

Where a combination of these elements 
forms part of a circuit the total cuirent imped¬ 
ing effect is defined, m an analogous manner 
by. 



where 2 is known as the impedance of the com¬ 
bination. Its unit, obviously, is ohm. 

In Fig. 14.29 we have a senes combination 
of a lesistor of resistance R, an inductor of 
reactance Xl and a capacitor of reactance Xo. 
It turns out that the total impedance Z of the 
combination is given by 

Z=VR“-i'(XL—Xo)® .. (14.36) 

and not by Z=R-t-Xi.-|-Xo. The reason for 
this peculiar relationship is the fact that the 
reactances (Xl, Xo) arise because of a some¬ 
what different physical mechanism than ordi¬ 
nary resistance (R). We cannot, therefore, 
combine them by simple addition. Equation 
(14.36) IS a direct consequence of the vectorial 
addition of effective voltages in an a.c. circuit 
as discussed below. 

In the circuit of Fig. 14.29, at any instant, 
the applied voltage is equal to the sum of the 
voltage drops across individual elements. 

V=Vb. H-Vl+Vo (instantaneous values) 
However, if we measure the effective voltages 
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(a) 


(bl 


Fig 14.29 An LCR series circuit 


(with a voltmeter) we would find that 

V ^ Vb+Vl-I-Vq (effective values) 

The reason is, although same current passes 
through each component, the voltage across 
each of them bears a different phase relation¬ 
ship with the cuirent and so the voltages are 
out of phase with one another. Mathematical 
analysis shows that effective voltages (and 
currents) add up vectorially. It is customary 
to treat them as vectors for the purpose of 
circuit analysis. Phase differences are repre¬ 
sented by angles between the vectors. 

Thus, m Fig. 14 30, the current I is repre¬ 
sented by the vector 01; Vb, the voltage across 
R, being in phase with the current, is represen¬ 
ted by vector OR; Vn, the voltage across L, 
being ahead of current by 7t/2, by vector OL 
and Vo, the voltage acioss C, since it lags 
behind the current by n:/2, by vector OC. The 
resultant vector OP represents the effective 
voltage across the combination. Its magnitude 


is given by, 

V =\/Vb"-1-(Vi.— Vo)2 . (14.37) 

Since Vb =RI, Vi.=»Xl I, Vo = Xol we have 

V =VR"l" + (Xi. —Xo)^ P 
= V'R“ + (Xi,—Xa)ll 

or Z=VR2 +^Xl —Xo7 ... (14.38) 


L 



Fig. 14.30 Vectorial representation of voltages in 
an a.c. circuit 

The relationship between impedance (Z), 
resistance (R) and reactances (Xl, Xo) is illus¬ 
trated m Fig. 14.31 by constructing a vector 
diagram similar to Fig. 14.30. 

L 
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It may be seen from Fig 14.30 that the 
current I lags behind the voltage V by phase 
angle <l> Thus, the circuit is inductive. This 
is so because we have assumed 'Vi,>Vo 
{te. Xl>Xo). If Xi,<Xa, the combination 
would be capacitive and the current would lead 
the voltage. The phase angle, also called the 
angle of lead or lag, is given by 


tani^ — 


Xu 


— Xq , R 

-or cos 


... (14.39) 


Example 14.10 

A resistor of 100 ohms, an inductor of 0.5 
henry, and a capacitor of 10 microfarads are 
connected in series. A 220 volt 50 cycle alter¬ 
nating potential is connected across the group. 
Find (a) the impedance of the circuit, (b) the 
current, (c) the potential difference across each 
of the three elements, and (d) the phase angle 
between the current and the applied voltage. 
Construct the vector diagram for the voltages. 

Solution 

(a) Xl == 2 «fL = 271X50x0.5—157 ohm. 


27rfC 2rtX50XlOxlO-« 


Vector diagram for voltages is shown in 
Fig 14.32 



Resonance 


— 318.4 ohm 

Z = \/(100)“-l-(l 57 — 318 4)2 

= 189.5 ohm. 

{b) ^="^5 = 1 ampere 

(c) Voltage across the resistance Vb=IxR 
= 1.16X 100=116 volts 
Voltage across the inductance Vl 
=IxXl==1.16x 157=182 volts 
Voltage across the capacitor Vc= 
IxXo=l.16x318.4=369 volts 

id) cos^=^ = -^-39^=0.5263, <l> = SS-a" 


It may be seen if Xi, = Xe, the impedance 
Z =VR'+(Xn —X(!)2 

is at its minimum value and is simply equal to 
R. The circuit is purely resistive. The current 
IS maximum. The applied voltage and the 
current are in phase. This is known as the 
condition of resonance and the frequency fr at 
which this occurs is known as resonant fre¬ 
quency. This happens when 

Xi. = Xc 

or 27rfrL = 2 ^;^ 
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or 


27t;\/lc 


...(14.40) 


14.13 Transformer 

One of the most useful applications of 
electromagnetic induction is the transformer. 
The construction of a simple transformer is 
shown in Fig. 14 33. Two coils, each consis¬ 
ting of many turns of wire are wound on a 



continuous iron core. One of these coils called 
the ‘primary’ is connected to an a.c. source. 
The other coil, called the ‘secondary’ is connec¬ 
ted to the ‘load’ which may be a resistance or 
any other electrical device to which electric 
power IS to be supplied. 

The alternating current in the primary pro¬ 
duces an alternating magnetic flux in the core 
which passes through the secondary coil also. 
As there is very little ‘leakage’ the magnetic 
flux through the secondary is almost the same 
as through the primary. This changing magne¬ 
tic flux produces an induced e m.f. in the 
secondary and it also causes a self-induced back 
e.m f. in the primary. 

Consider the situation when no load is 
attached to the secondary, that is, its terminals 
are open. Let Ni and Na be the number of 


turns in the primary and secondary, respec¬ 
tively. The induced e.m.f. in the primary is 
given by 



where, L is the current in the primary and (j> 
the magnetic flux in the core, at any instant. 
The induced e.m.f. in the secondary is given by 


p _ _ M d^ 

dt 

. (14.42) 

Thus, 


Ea _ Na 

El X 

. (14.43) 

The value of induced e.m.f. in the primary 
can be shown to be almost equal to the applied 


e.m.f. 

Let the applied e.m.f to the primary be 
E = Eo sin cot. In the primary circuit, the 
self induced e.m.f Ej acts opposite to the 
applied em.f (Lenz’s law). At any instant 
it is the difference, E—Ej, which sends the 
curient Ij through the resistance R of the 
primary. 

Thus, 

E — El = RIi 

However, R is very small, and so the term RL 
can be neglected. Hence 

E = El .. (14.44) 

Thus, in equation (14.43) Ei may be des¬ 
cribed as the input e.m f given to the primary 
and Ea as the out-put e.m.f from the secondary. 
We have - 


Ea _ output e.m.f ^ Na 
El input e m f 1^ 


... (14.45) 


IfVjandVabe the effective values of e.m.f s, 
then 
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Ni 

Vi Na 


. . (14.46) 


The quantity Na/Ni is called the ‘turns 
ratio’ of the transformer. When N 2 >Ni, 
V’ 3 >Vi the transformer is known as stop-up 
transformer. IfN.<Ni, V.j<Vi the trans¬ 
former is known as step-down transformer. 

The law of conservation of energy requires 
that the energy delivered to the secondary 
circuit must be equal to or less than the energy 
supplied to the primary. Assuming the trans¬ 
former to be ideal, with no energy losses, the 
average power input must be equal to the 
average power output. Therefore, 

VxIi^VJa .. (14.47) 

where the voltages and currents are the effective 
values. From eq. (14.47) we have 


I2 = .Yi=Nl 
17 Va Na 


... (14.48) 


The current in the secondary decreases in the 
same ratio as that by which the voltage 

increases. 

The efficiency of a transformer is defined as 


Power output 
Power input 

In real transformers, the efficiency is fairly 
high (90-99 per cent) though not 100 per cent. 
There are several causes for power loss. The 
main losses are two : ( 1 ) the PR loss-due to 
heating of copper wires used in the windings. 
This can be minimized by using thick wires, 
(ii) Core loss-due to work done in carrying the 
iron core through cycles of magnetization and 
demagnetization. This is minimized by the 
choice of iron with special magnetic properties. 
In addition, there is power loss due to eddy 
currents which is reduced by using laminated 


iron core (Fig. 14.34). There is also some loss 
due to flux leakage but it is quite small. 



Fig. 14.34 Laminated core 


Transmission of electric power 

Electric power stations are, generally, 
situated in remote areas where it is cheaper to 
produce electric power. This power has to be 
transmitted to the cities and areas where it is 
needed. This is done by transmission lines 
which consist of two parallel wires for carrying 
current from and to the power station. 

To avoid the loss of power due to PR 
losses m the line wire, the output, voltage of 
the generator is first ‘transfoimed’ to a much 
higher value by a step-up transformer. It con¬ 
verts the electric power at low voltage and high 
current to the same power at higher voltage 
and lower current. Due to reduction in the 
value of current, the PR losses in the lines are 
reduced. To appreciate the economy m trans¬ 
mitting power at high voltage, let us consider 
the following example 

Suppose a power generator produces 25 
KW of power at 100 amperes and 250 volts. 
It is desired to deliver this power to a consumer 
1 Km away on a transmission line whose resis¬ 
tance is, say, 1 ohm. The line loss is given by 
PR = 100" Xl == 10,000 W = 10 KW. Thus 
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40 per cent of power would be wasted. If we 
step-up the voltage by a transfoimer to 2500 
volts, the cunent m the lines would reduce to 
10 amperes (Fjg 14.35). The PR loss would 
come to lO^x 1 =100W which is negligible. 



Fig. 14.35 Transmission of power at higher voltage 
reduces line losses. G-Generator, 
T - Step-up transformer, L - Load. 


A typical power generator gives an output 
of 1000 KW at 6600 volts In practice this 
voltage IS stepped up to 132000 volts before 
transmission. The cables used for transmitting 
power over long distances aie suspended by 
laige porcelain insulators fiom large steel struc¬ 
tures (pylons) The mam transmission lines 
from power stations form part of a common 
system called the ‘grid’ which covers a large 
region of the country. Power from all the 
power stations in the region is fed Into the grid 
which forms a common pool from which power 
can be drawn where needed. This allows an 
efficient power distribution and acts as a safe¬ 
guard for eiisuiing a minimum power supply to 
consumers in the event of failure of power 
generation at some station. From the grid, 
the power is fed to the cities at 33000 V, the 
stepping down is done outside the city. Then 
again at a sub-station, the supply is stepped 
down to 6600 volt. Power is supplied to the 
big consumers like factories at this voltage 
which they can further step-down according to 
their needs. For ordinary domestic consumers 
the voltage is again reduced to 220 V. 


Exercises 


14.1 What are the dimensions of magnetic flux ? 

14.2 Mark the current direction in the secondaiy windings of Fig 14.36 as 
the switch is closed. 



Fig. 14.3§ 
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large and may cause a spark to jump acioss 
the partially open switch. When the initial 
current is large and the inductance high, the 
spark may be sufficiently stiong to cause 
damage to switch contacts and insulation. 
Switches for d.c. circuits, in such cases, aie so 
designed as to allow the current to decay gra¬ 
dually and thus prevent sparking. 

14.7 Some Phenomena Connected with Inductance 

(i) Eddy currents 

When a sheet of metal is placed in a chang- 
lUg magnetic field, induced currents are set up 
in the sheet which oppose these changes. These 
are known as eddy currents. . The currents are 
circular, their sense of flow can be ascertained 
by applying Lenz’s law. Fig 14.17 shows some 
eddy currents in a metal sheet placed m an 
inoieasing magnetic field pointing in to the 
plane of paper. 


X X ^ XX s<; 



Since the resistance of metals is quite low, 
these currents may' be quite large and may 


produce considerable heating effects. Eddy 
currents are used m heating small metal speci¬ 
mens by putting tliem m rapidly changing 
magnetic fields produced by high frequency 
alternating cunents. It is called inducation 
heating. 

Eddy currents are considered undesnable m 
electrical appliances and machinery, where iron 
is widely used, as they cause unnecessary 
heating and wastage of power. This is avoided 
by building up the desued iron part with thin 
sheets of the metal vvhich aie insulated from 
each other. The planes of sheets are placed 
perpendicular to the direction of currents that 
would be set up by the e.m.f induced in the 
material. The insulation between the sheets 
then offers high resistance to the induced e.m.f. 
and the eddy currents are substantially 
reduced. 

(ii) Elect!omagnetic damping 

When a current is passed through a galvano¬ 
meter the galvanometer coil usually suffers a 
few to and fro oscillations before settling down 
to Its proper deflected position. The motion of 
the coil is damped largely because of electro¬ 
magnetic damping—as the coil moves in the 
magnetic field, a counter e m.f. is induced in the 
coil which opposes its motion. The electro¬ 
magnetic damping can be further increased by 
winding the coil on a metallic frame. As the 
frame moves, eddy currents are geneiated in the 
frame which use up energy and hence damp the 
motion. In a properly constructed galvano¬ 
meter oscillations can be prevented completely— 
the coil deflects and stays at its final position. 

14.8 Alternating Current 

Let a source of alternating e.m.f. (repre¬ 
sented by the symbol (-) be connected across 
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a resistance R, Fig. 14.18. As the e.m.f, 
E = Eo sin tot, changes with tune, the current 


R 



Fig. 14.18 A. C. source with resistance 


through the cnciiit also changes At any ins¬ 
tant, the current would be given by Ohm’s law 


= Iq sin tot = lo sin 2n R. ... (14 16) 

where Io=Eo/R is the maximum or peak 
value of current, f is the fiequency and t is the 
time. The cunenl is sinusoidal and is known 
as alternating current. Its variation with time 



Fig. 14.19 (a) Wave foim of alternaling current 
(b) steady cuirent 

is shown in Fig. 14.19, the tune scale chosen is 
for the commonly used 50 c/s alteinating current. 
For half the cycle the current flows in one 


diiection and for the other half in the opposite 
diiection A steady direct cuirent is also shown 
m the same diagram for comparison. 

Since an a.c. current' varies in magnitude 
continuously and changes diiection peiiodically, 
the effects produced by it (such as the magnetic 
effect) will also vary with time. The question 
immediately arises as to how can we measure 
such a current ? How do we define an ampere 
of an alternating cunent ? There is only one 
effect which is independent of the direction of 
the electric cuirent—the heating effect, which 
we make use of for this purpose. We compare 
the heating effect of an alternating current with 
that of a direct cunent and define the former 
in terms of the latter. 

The effective value of an alteinating current, 
leff is, therefore, defined as that magnitude of 
direct current which produces the same heating 
effect m a given lesistance as the given alterna¬ 
ting current. Thus an a c. ampeie would be 
an a c. cunent that produces a heating effect 
equal to that of one d c. ampere. 

It IS found that an a.c. current I=Io sin cut, 
pioduces the same heating effect as d.c, 
cuirent of Io/\/2. The value 

= 0.707 lo .. (14.17) 

is known as the effective value of the a.c. 
current. This is also known, sometimes, as 
root-mean-square or r.m s. current. (• 

The effective or r.m.s. value of an a.c. 
voltage is defined in an exactly similar way and 
we have 

t 

Ed//= -^= 0.707 Eo . (14 18) 


* Since a c means alternating cunent, it may seem wiong to use ihe terms, an a c cuirent or an a c. 

voltage, from language point of view, but it has now become a common practice to use these terms 
t The reason IS, the square root of the mean of the square of the current i e VIF)- av 
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Hereafter, whenever numeiical values of a c. 
voltage and curicnt aie given, it is effective 
values which are meant unless speciffcally slated 
otherwise. Thus an a.c. current of lOA. means 
that the cm lent varies m a sinusoidal manner 
with a peak value of lOv/2 A An electric 
supply at 220v means the peak value of voltage 
is 220 v/2 = 310v. 

14 9 A. C. Circuit Cniitainiog Resistance Only 



Fig. 14.20 Current is m phase with voltage in a 
resistive a.c. circuit 


Figure 14.18 shows a lesistancc R connected 
in series with an a c. source of e.m.f. 

E = Eo sin tut .. (14.19) 

At any instant, the potential difference across 
the resistance R, between the points c and d, is 
given by 

V = IR - (14.20) 

where I is the instantaneous value of cuiient. 
At eveiy instant, the p d between points c and 
d must be equal to the p.d. across the source 
terminals a and b. Thus 

IR = Eo sm cut 
Eo 

or 1= -j^ sin cut = lo sin cut .. (14.21) 


then, have 

y lo _ Eo _ Ec// 

V^2 RV2 R 


(14.22) 


14.10 A.C. Circuit Containing Inductance 
Only 


Although It is difficult m practice to have a 
pure inductance, it is useful to consider the 
effects of a pure inductance m an a.c. circuit. 

When a steady current flows through a pure 
inductance, the potential difference between 
points X and Y (Fig 14.21) is zero as no resis¬ 
tance IS offered to the current. If the current 

L 

X Y 


where Iq+Eq/R is the amplitude or peak 
value of the current. Graphs of functions for 
the instantaneous values, E and I, (Fig. 14 20), 
show that both the current and the voltage 
start at zero at the same time, reach maxima at 
the same time and have the same sinusoidal 
shape. The voltage and the current under 
these conditions are said to be in phase. 

A voltmeter connected across the resistor 
would read the effective voUage whose value 
is Eo/t/2. Similarly, an ammeter m the circuit 
would read Io/v'2 for the effective current. We, 


Fig. 14.21 P.D. across an inductor L is given by 
Ldl/dt 

IS changing then an induced e.m.f. (—Ldl/dt) 
exists in the inductor which opposes the change 
in the current. This makes the potential of Y 
different from X. The potential drop, when the 
current flows from X to Y is given by 

Vx- Vy= L~ _ 23) 

Now consider the circuit of Fig. 14.22. 
Suppose an alternating current given, by , 

I = To sin tat ■■■ (14.24) 
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Fig. 14.22 A.C source with an inductance 

flows m the inductor What must be the applied 
e.m f. in the circuit in older to produce such a 
current ? 

The instantaneous value of p d. across L, 
between points c and d, is given by, equation 
(14.23), 



= L ^ (lo sm ait) 

= Lu) lo cos <ut (14.25) 

Now, the p d between points c and d must, 
at every instant, be equal to the p d. across the 
source terminals a and b. Hence the instanta¬ 
neous value of applied e m f. is given by 

E = Leu lo cos tut = Eo cos cut 

--Eo sin (tut+7r/2) ...(14 26) 

where Eo = LtuTo is the amplitude or peak 
value of the applied e.m f. Comparing with 
the resistive case, Eo = Rio, we find cuL plays 
the same role heie as the resistance R in the 
earlier case, that is, it impedes the flow of 
current. The quantity 

(oL = Xn = 217 fL (14,27) 

is called the inductive reactance of the circuit 
and has the unit of ohm. 

From equations (14,24) and (14 26), it is 
seen that the current and the voltage are 90'’ 
out of phase. Fig. 14.23 shows the way m 


E 1 



Fig. 14.23 Current I lags the voltage E by re/2 m an 
inductive circuit 

which the instantaneous values, I and E, vary, 
I reaches maximum value a quarter of cycle 
later than F.. One says that the pure induc¬ 
tance causes the current to lag behind the 
e.m f. in phase by 7r/2 (radians). 

A voltmeter connected across the inductor 
would read Eq/V^ for the effective voltage and 
an ammeter in the circuit would read Io/V2 for 
the effective current. 

We then have, 

T _ lo Eo Ee// Ee/r 

v'2 Lcuv'2 Lw ~ X 

.. (14.28) 

Inductive reactance Xi, plays the same role 
heie as the resistance R in equation (14.22). 

Example 14.6 

The current through a 1,0 henry inductor 
varies Sinusoidally with an amplitude of 0.5 
amperes and a frequency of 50 cycles per second. 
Calculate potential difference across the termi¬ 
nals of the inductor. 

Solution 

I = lo sin 2tz ft 

p. d. across the inductor is given by, 

V - L — L (lo sm 27i:ft) 

= 2TCrL.Io cos 27rft 
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E == 10071X1000X0 10X0,05X100X10-^ 

sin 100 TTt 

= Stt sin 100 nl 

Maximum value of induced e.mf., 

Eo = Stt =15.7 volts 

When tut = 45°, E = Eo sin 45° 

= 15 7 X = 11-2 volts. 

14.4 The Generator or Dynamo 

What we have described above is the princi¬ 
ple of a generator, a means of producing electric 
current continually by mechanical means. It 
is the most impoitant method of converting 
mechanical energy into electiical eneigy 

Fig. 14,8 shows schematically the essential 
parts of a generator, A coil abed capable of 



iigidly to the same shaft which is used to rotate 
the coil Each iing is connected to one termi¬ 
nal of the coil and lotates with the coil The 
rings maintain sliding contact with the brushes, 
B and B'. The output e m,f, of the generator 
is alternating as shown in Fig 14 7. As the 
coil lotates, the current flows out through the 
brush B for one half of a revolution and through 
the brush B' for the next half The current 
through the external resistance R is also 
alternating 

If one diiectional, i.e direct current is 
desired, the slip rings are replaced by what is 
known as a split ring commutator as shown in 
Fig. 14.9 The commutator rotates with the 
coil. As before brushes make sliding contact 



Fig. 14,8 A C. Generator 

rotation about the axis X?C is situated in the 
field of a magnet NS. As the coil rotates an 
alternating e.m.f. develops in the coil which is 
fed to the external circuit by means of a pair 
of metal slip rings, S and S' which ar^ h^ed 


Fig. 14,9 D. C. Generatoi 

with the commutator for half the rotation when 
Cl is positive, it is in contact with the brush B, 
for the other half of rotation it is which is 
positive and is m contact with B. Thus the 
current always leaves the generator through the 
brush B and we get a direct current ‘ m the 
external ciicuit. The output, however, is pulsat¬ 
ing as shown in Fig 14.10. If we have several 
C 01 I 9 , umformally spaced, as in Fig. 14.11, aU 
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Fig. 14.10 Output e.m.f. from a single coil 
D C Generator 


2 



Fig. 14.11 Four coils rotating in a magnetic field 


connected in seiies, the maximum value of 
e m f. occurs in each coil at different instants 
and the net effect is an almost constant uni¬ 
directional e m.f. with a small iipple. Fig 14 12 
shows lesults achieved with four colls More 
coils would give an even more smooth output. 

14.S Miiinal Inductance 

Consider two coils P and S placed near 
each other. Fig. 14.13(a). If coil P carries a 
current, it produces a magnetic field which pro¬ 
duces a magnetic flux ihiough S If the current 
in the cod P, called the primary, is changed, it 
would cause an induced e m f. in the coil S, 
called the secondary. 

Let the current through primary coil at any 
instant be Ij. Then the magnetic flux at any 
pait of the secondary coil will be pioportional 
to Ii that is 

oc la 

Therefore, the induced e.m.f. in the secondaiy, 
when Ii changes, is given by 


aaaaaaaaaaa/w 


E = 
i e. E oc 


ds&2 

dt 

dt 


Mdlg 

dt 


... (14.14) 


I 



Fig. 14.12 Output e.m.f. from four coils rotating 
in a magnetic field 


where M is the constant of proportionality, 
called the mutual inductance of the two coils. 
It is defined as the e m f induced in the secon¬ 
dary by a unit rate of change of current in the 
primary. When E is expressed m volts, and 

in ampeies/second, M is in volt/second/ 

ampeie, called henry (H). The mutual induc¬ 
tance between the circuits is IH, if a rate of 
change of cuiient of lA/s in the primary pro- 
duced an induced e.m.f. of 1 volt m the 
secondary. 
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flux of the pnmaiy links with the secondary. 
Thus the vaJue of M will be minimum when 
one coil IS peipendicular to another as in 
Fig. 14.13(c) The mutual inductance is further 
increased, if the coils in Fig 14 13(b) are wound 
over an iron coie, by a factor ft, where is the 
penneability of non. 

14.6 Self-indiictance 



(c ) 

Fig 14.13 (a) Mutual induction Variation of current 
in piimary coil P induces an e.m.f in the 
secondary cod S 

(b) case of laigest value of M 

(c) case of least value of M. 

M depends upon ' the number of turns m 
the coils, their geometrical shape and their 
separation. It is maximum when the entire 


When a current flows in a coil, it gives rise 
to a magnetic flux through the coil itself. If 
the cuiient stienglh changes, the flux changes 
and an e.m f is induced in the cod. Tliise.m f. 
IS called self-induced e.m f. and the pheno¬ 
menon is known as self-induction. 

It IS easy to see that the flux through the 
cod IS proportional lo the cuirent through it, 
i e. 

<1> cej 

and, theieforo, the induced e.m.f E is given by 

p — 

,.,(14.15) 

where L is called the self-mductance of the 
cod. Like M, L is also measured m henry. 
A cod has self-inductance of 1 henry if au 
c m f of 1 volt is produced in it when the 
current passing through it changes at the rate 
of one ampere per second. 

Self-inductance, often called inductance, is 
a constant of the cod It depends upon the 
number of turns, aiea of cross section, and the 
permeability of the core material. The larger 
the number of turns and area of cross section 
of a cod, the larger is its inductance. If coil is 
wound over an iron core, the self-inductance 
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iiicieases by a factor wheie is the peime- 
ability of iion A coil possessing an appreciable 
inductance is known as an inductor 

Example 14.5 

What e m.f will be induced in a lOH 
inductor in which (he current changes fioin 10 
amperes to 7 amperes in 9.0 X 10~® seconds ? 


current and it takes some time before the current 
reaches a steady value given by Ohm’s law, 
Io=E/R The effect of inductance, theiefore, 
is to increase the time taken by the current to 
reach its limiting value lo. The length of this 
time depends on the value of L and may vary 
from a few milliseconds to several seconds. The 
manner in which 1 attains the value lo is shown 
in Fig. 14.15 for two values of L. 


Solution 


E= - L-^ 


= - L 


fl. - Ill 


= - 10 - 


(7-101 
9 0xl0-'‘ 
= 333 volts 


Inductance in a d c circuit . 

Figure 14 14 shows an inductance L and a 
resistance R (including the resistance of the 



Fig. 14.15 Growth of cunent in an inductive 
circuit 


L R 



coil L) connected to a battery of e.m.f. E. 
When the key K is closed, the current begins 
to grow. As the current increases, the magne¬ 
tic field associated with it also increases and so 
does the magnetic flux through the coil. This 
increasing flux induces an e ih.f which produces 
a current opposed to the one which is growing, 
(Lenz’s law). This limits the rate of rise of the 


Similarly, when a current flowing in a 
circuit containing inductance is interrupted, an 
induced e m.f. ^s set up in the circuit which 
tends to maintain the current. Thus m Fig. 
14.16 if the switch K is opened, the current 
decreases rapidly, if this change takes place 
very rapidly, the induced e.m.f. may be quite 

L R 

- --aaa/vwv-1 


__ 

E K 

Fig. 14.16 Opening the switch In an inductive 
circuit leads to sparking 
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It may be seen from Fig. 14 30 that the 
current I lags behind the voltage V by phase 
angle Thus, the circuit is inductive. This 
is so because we have assumed ■Vi,>Vo 
(i e. Xl>Xo). If Xi,<Xo, the combination 
would be capacitive and the current would lead 
the voltage. The phase angle, also called the 
angle of lead or lag, is given by 


tan^ == 


Xn —Xo 
R 


or cos ^ = 


Z 

... (14.39) 


Example 14.10 


A resistor of 100 ohms, an inductor of 0 5 
henry, and a capacitor of 10 microfarads are 
connected in series. A 220 volt 50 cycle altc'-- 
natmg potential is connected across the group! 
Find (a) the impedance of the circuit, (b) the 
current, (c) the potential difference across each 
of the three elements, and (d) the phdse angle 
between the current and the applied voltage. 
Construct the vector diagram for the voltages. 

Solution 


Vector diagram for voltages is 
Fig. 14 32 



shown in 


(n) Xu = ZirfL = ZrrX 50x0.5= 157 ohm. 
1 1 


Xo= 


27TfC 2ii:X50Xl0X10-« 
= 318 4 ohm 


(b) I- 


Z = V(100)'‘+(157 
220 


318 4)2 
= 189,5 ohm. 


189.5 


1.16 ampere 


(c) Voltage" across the resistance Vb=I XR 
= 1.16x100=116 volts 
Voltage across the inductance Vi, 
=IxXi,=l.16x157=182 volts 
Voltage across the capacitor Vo= 
IxXo=l.16X318 4=369 volts 


(d) cos,i=^— 


Fig. 14.32 


leisomnce 

may be seen if Xi = Xc, the impedance 
,„t^Z=VRH(XB-XcT2 

i lowers minimum value and is simply equal to 
F of cij-^e circuit is purely resistive. The current 
jced imum. The applied voltage and the 
/ng poVi are jn phase. This is known as the 
FoUowiujjj Qf resonance and the frequency fr at 
supposfijrjg occurs is known as resonant fre- 
' of poM This happens when 
. desired 
:m away— Xc 


:e is, sa; 
= 100 


2'JrfrL = 


1 

2 fr^C 
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or 


fr 


1 

27i:\/lc~ 


. ,(14.40) 


14 13 Transformer ■ 

One of the most useful applications of 
electromagnetic induction is the tiansformer 
The construction of a simple transfoimer is 
shown in Fig 14.33. Two coils, each consis¬ 
ting of many turns of wire are wound on a 



continuous iron core. One of these coiis calleci^ 
the ‘piimary’ is connected to an a.c. sourcij'. 
The other coil, called the ‘secondary’ is coniyjfc- 
ted to the ‘load’ which may be a lesistanctt or 
any other electrical device to which ele,'ctric 
power IS to be supplied. 

The alternating cuirent in the pnmaiy pro¬ 
duces an alternating magnetic flu.K in the coie 
which passes through the secondaiy coil also. 
As there IS veiy little ‘leakage’ the riagnetic 
flux through the secondary is almost ihe same 
as through the primary. This changiiij magne¬ 
tic flux produces an induced e m in the 
secondary and it also causes a self-mdiced back 
e m.f in the primary. 

Consider the situation when no load is 
attached to the secondary, that is, its prminals 
are open. Let Nj and N 2 be the mmber of 


turns in the primary and secondary, respec¬ 
tively The induced e.m f. m the pnmaiy is 
given by 


E 


1 



... (14 41) 


where, Ii is the current in the primary and 4> 
the magnetic flux in the core, at any instant. 
The induced e.m f in the secondary is given by 



(14.42) 


Thus, 




... (14.43) 


^ The value of induced c m f in the primary 
’“can be shown to be almost equal to the applied 
e m f 


Let the applied e.m f. to the primary be 
E = Eo sin cot. In the primary circuit, the 
self induced e m f. Ej acts opposite to the 
applied emf. (Lenz’s law), At any instant 
It IS the difference, E—Ej, which sends the 
current Ij thiough the resistance R of the 
primary. 

Thus, 


E — El = RIi 


However, R is very small, and so the term RIj 
can be neglected. Hence 

E = El . (14.44) 

Thus, in equation (14.43) Ej may be des¬ 
cribed as the input e.m f. given to the primary 
and En as the out-put e.m.f from the secondary. 
W e have, 


E 3 ^ output e.m f. _ Na 
El input emf, 


.. (14.45) 


If Vi and Va be the effective values of e m f s, 
then 
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Nl 

Vi N, 


... (14 46) 


j The quantity Nj/Ni is called the ‘turns 
,atio’ of the tiansfoimer When N 2 >Ni, 
the ti alls former is known as stop-up 
iraflsformei. IfN.<Ni, Vj<Vi the trans¬ 
former IS known as slop-down transformer. 

The law of conservation ol energy requires 
lhat the energy delivered to the secondary 
circuit must be equal to or less than the energy 
supplied to the primary. Assuming the trans¬ 
former to be ideal, with no energy losses, the 
average power input must be equal to the 
avei age power output. Thcrefoie, 


VJl - VnTj 


.. (14.47) 


where the voltages and cun cuts are the effective 
values. From eq (14.47) we have 


^ .. (14.48) 

Ii V. No 

The current in the secondary dccieases m the 
same ratio as that by which the voltage 
increases. 

The elTlciency of a transformer is defined as 


__ Power output 
Power rnpul 

In real transformers, the efficiency is fairly 
high (90-99 per cent) though not 100 per cent. 
There are several causes for power loss The 
mam losses arc two : (i) the PR loss-due to 
heating of copper wires used in the windings. 
This can be minimized by using thick wires, 
(ii) Core loss-due to work done in carrying the 
iron core through cycles of magnetization and 
demagnetization. This is minimized by the 
choice of iron with special magnetic properties. 
In addition, there is power loss due to eddy 
currents which is reduced by using laminated 


iron core (Fig 14 34). There is also some loss 
due to dux leakage but it is quite small. 



Fig 14.34 Laminated core 


Transmission of electric power 

Electric power stations are, generally, 
situated in remote areas where it is cheaper to 
produce electric power This power has to be 
transmitted to the cities and areas where it is 
needed. This is done by transmission lines 
which consist of two parallel wires for carrying 
current from and to the power station. 

To avoid the loss of power due to PR 
losses in the line wire, the output, voltage of 
the generator is first ‘transformed’ to a much 
higher value by a step-up transformer. It con¬ 
verts the electric power at low voltage and high 
current to the same power at higher voltage 
and lower current Due to reduction in the 
value of cunent, the PR losses in the lines are 
reduced To appreciate the economy in trans¬ 
mitting powei at high voltage, let us consider 
the following example 

Suppose a power generator produces 25 
KW of power at 100 amperes and 250 volts 
It is desired to deliver this power to a consumer 
1 Km away on a transmission line whose resis¬ 
tance is, say, 1 ohm. The line loss is given by 
PR = 100® X1 = 10,000 W = 10 KW. Thus 
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40 pel cent of power would be wasted If we 
step-up the voltage by a transformer to 2500 
volts, the curient in the lines would reduce to 
10 amperes (Fig. 14 35). The PR loss would 
come to 10^ X 1 = lOOW which is negligible 





Fig. 14.35 Transmission of power at higher voltage 
reduces line losses. G-Generator, 
T - Step-up transformer, L - Load. 


A typical power generator gives an output 
of 1000 ICW at 6600 volts. In practice this 
voltage IS stepped up to 132000 volts before 
tiansmission. The cables used for transmitting 
power over long distances are suspended by 
large porcelain insulators fiom large steel stiuc- 
tures (pylons). The main transmission lines 
fiom power stations form part of a common 
system called the ‘grid’ which covers a large 
region of the country. Power from all the 
power stations in the region is fed into the grid 
which forms a common pool from which power 
can be drawn where needed. This allows an 
efficient power distiibution and acts as a safe¬ 
guard for ensuring a minimum power supply to 
consumers in the event of failure of power 
generation at some station. From the grid, 
the power is fed to the cities at 33000 V, the 
stepping down is done outside the city. Then 
again at a sub-station, the supply is stepped 
down to 6600 volt. Power is supplied to the 
big consumers like factories at this voltage 
which they can fuither step-down according to 
their needs. For ordinary domestic consumers 
the voltage is again reduced to 220 V. 


Exercises 


14.1 What are the dimensions of magnetic flux ? 

14.2 Mark the current direction in the' secondary windings of Fig 14.36 as 
the switch is closed. 



Fig. 14.36 
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ude of voltage is, 


2rtfLIo = 2x3.14x50x1.0x0 5 = 157 

volts 


V = 157 cos lOOvrt 


Therefore, 

The voltmeter will read the effective value 

Example 14.7 


Capacitor in a d c. circuit : Consider the 
ciicuit shown m Fig. 14.24. As soon as we 


Fig. 14.24 



Capacitor in a d.c. circuit 


What IS the inductive reactance of a coil if 
the current through it is 80 mA and voltage 
across it is 40 V ? 

Solution 

These are the effective values hence, 

Xn = ~ ■o?r7ri7Fr = 500 ohms. 

leff 80x10 ^ 

Example 14.8 

At what fiequency will a 0.5 henry inductor 
have a reactance of 2000 ohms ? 

Solution 

Xi. = toL = 27rfL 
2000 = 2«fx0.5 

f=^ = 637. 
t: 

14.11. A. C. Circuit Contaioiug Capacitance 
Only 

A capacitor consists off two plates of con¬ 
ducting material separated by an insulator. Its 
resistance is, theiefore, practically, inffnite. We 
might expect that when a capacitor is put into 
a circuit, d. c. or a. c., no current would flow. 
This is not so. Let us first consider a capaci¬ 
tor in a d.c. circuit. 


pi ess the Icev, elections begin to flow from the 
negative terminal of the battery to the plate B 
and from plate A to the positive terminal of the 
battery. The plate A thus begins to acquire 
positive charge and the plate B, negative charge. 
This charging of the capacitor continues till the 
potential difference between the plates becomes 
equal to that across the battery terminals. 
Then, it ceases. This flow of charge is equiva¬ 
lent to a current. Thus a current does flow in 
the circuit, during the charging process, though 
not through the capacitor but in the lemainder 
of the circuit. The ammeter would, therefore, 
show a momentary deflection. The direction 
of current is from the plate B to the plate A 
via the battery. Its magnitude at any instant 
is given by the rate of growth of charge on the 
capacitor. 

1 =^ 

dt ... (14.29) 

The charging process can be extended in 
time if we include a resistance in the circuit. 
Fig. 14,25. It IS found that the final charge on 
the capacitor, given by 

Qo = VoC .. (14.30) 

where, Vo = battery voltage, C = capicitance, 
IS reached asymptotically as shown in Fig. 14.26. 
(Compare with the growth of current in a d.c 
inductive circuit). 
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Fig, 14 25 Cliaiging of a capacitor lliiougli a resistance 



Fig. 14.26 Growth of charge on capacitor with time 



Fig. 14.27 A C source with a capacitor 


Capacitor in an a c. circuit: Now consider 
the capacitor m an a c, circuit, Fig 14.27. As 
the voltage from the source is continually 
changing, the charge on the capacitor is also 
continually changing During a complete cycle, 
the capacitor is fiist charged in one direction, 
then discharged, again charged in the reverse 


direction and discharged. As this charging and 
discharging of the capacitor is taking place 
continuously, a continuous current exists in the 
circuit. Let us find out the nature of this 
cuirent. 

It IS evident that the p d. across the capa¬ 
citor between points c and d, at every instant, 
has to be exactly the same as that across the 
souice leiminals a and b. Therefore the capaci¬ 
tor must charge and discharge m such a manner 
that the p.d. across it, V, is sinusoidal and 
equal to the applied e m f at every instant. 
That IS, 

V = E = Eo sin cot 


The charge on the capacitor, at any instant, 
is given by 


by 


Q = CV 

Therefoie, cuirent at any instant is given 


dQ 


= C 


dV 


dt '' dt 
= Eo Coj cos cot 
= lo cos cot 
= lo sin (£ot-t-7t/2) 


= C-^(Eo sm cot) 

... (14.31) 


where. 


lo 


Eo 

1/Cto 


... (14.32) 


Thus, in this case, the current is sinusoidal 
but 90° ahead of e.m f., in phase. The wave 
foim of E and I are shown in Fig. 14.28. The 
quantity 


1 _ 1 
“ Cto 27tfC 


... (14.33) 


IS known as the capacitive reactance of the 
circuit. It plays the same role in this case, as 
the inductive leactance Xi in the inductive case. 
Its unit is ohm. 
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Fig. 14.28 CunciU I leads the voltage E by izjl in a 
cap icilive circuit 

A voltmeter connected across the capacitor 
would read Eo/\/2 for the cfTcctive voltage and 
an ammeter m the circuit would read To/ s/2 for 
the effective current We, then, have 

To _ Eo _ Eg// _ Ef// 
V2~(l/C‘u) 1/C'cu Xo 

. (14 34) 

Example 14.9 

What IS the capacitive reactance of a 5-pf 
capacitor when it is pait of a ciicuit whose 
frequency is (z) 50c/s (zz) 10®c/s 7 


•j-= R (for resistor) 

V 

— = Xl (for inductoi) 

V 

—= Xo (foi capacitor) 

wlieie V IS the effective voltage across the 
ciicuit element and I the effective current 
through it. 

Wheie a combination of these elements 
foims part of a ciicuit the total cuirent imped¬ 
ing effect IS defined, m an analogous manner 
by. 



wheic Z is known as the impedance of the com¬ 
bination Its unit, obviously, is ohm. 

Tn Fig. 14,29 we have a senes combination 
of a resistor of resistance R, an inductor of 
leaclance Xl and a capacitor of leactance Xo. 
It turns out that the total impedance Z of the 
combination is given by 

Z=-v/RH(Xi,-X'^ ... (14.36) 


Solution 
(z) Xo 


_ 1 _ 

2ji: X 50 X 5 X 10-® 


ohms 


= 637 ohms 

^ 2n:X 10'’x5xl0-«/ 
= 3.18x10-® ohms. 


14 12 LCR Circuit 

A resistor, an inductor, or a capacitor, each 
of these circuit elements impedes an alterna¬ 
ting current. The impeding effect is measured 
by the resistance (R), the inductive leactance 
(Xl) and the capacitive reactance (Xc), respec¬ 
tively, which are defined by 


and not by Z=R+XL-t-Xo. The reason for 
this peculiar relationship is the fact that the 
reactances (Xl, Xo) arise because of a some¬ 
what diffeient physical mechanism than ordi- 
naty resistance (R). We cannot, therefore, 
combine them by simple addition. Equation 
(14.36) IS a direct consequence of the vectorial 
addition of effective voltages in an a.c. circuit 
as discussed below. 

In the circuit of Fig. 14.29, at any instant, 
the applied voltage is equal to the sum of the 
voltage drops across individual elements. 

V = Vb -1-Vl+Vo (instantaneous values) 
However, if we measure the effective voltages 
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Fig. 14.29 An LCR series circuit 


(with a voltmeter) we would find that 

V ts Vb + Vl-|-Vo (effective values) 

The reason is, although same cunent passes 
through each component, the voltage across 
each of them bears a different phase relation¬ 
ship with the current and so the voltages are 
out of phase with one another. Mathematical 
analysis shows that effective voltages (and 
currents) add up vectorially. It is customary 
to treat them as vectors for the purpose of 
circuit analysis. Phase differences are repre¬ 
sented by angles between the vectors. 

Thus, in Fig. 14.30, the current I is repre¬ 
sented by the vector OI; Vn, the voltage across 
R, being in phase with the current, is represen¬ 
ted by vector OR; Vi,, the voltage across L, 
being ahead of current by njl, by vector OL 
and Vo, the voltage across C, since it lags 
behind the current by ^jl, by vector OG. The 
resultant vector OP represents the effective 
voltage across the combination Its magnitude 


is given by, 

V =v'Vii“ + (Vi.—Vo)2 . (14.37) 

Since Vb =RI, Vi,=Xi, I, Vo = Xol we have 

V =VR"F + (Xl — Xo)^P 

= -v/R“ + (Xr—Xo)M 

or Z=VR2-l-tXi.—Xo^ . (14.38) 


L 



Fig. 14.30 Vectorial representation of voltages in 
an a.c circuit 

The relationship between impedance (Z), 
resistance (R) and reactances (Xl, Xo) is illus¬ 
trated m Fig. 14.31 by constructing a vector 
diagram similai to Fig. 14.30. 

L 
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density. The mean densities of dwarfs stars 
range from 10 Kg/m^ for the hottest O 
stars to 50000 Kg/m^ for the coolest M stars. 
The lowest densities are found in supergiants 
e,g Antares (a Scorpii) is only three thou¬ 
sandth as dense as air. The densest stais are 
white dwarfs like the companion of Sinus 
which IS 5000 time denser than the densest 
element platinum. It is often said of these stars 
that one matchbox full of their material will 
weigh one ton on the surface of the earth. 

As in the case of the sun, temperature and 
density increase towards the centres of stars. 
The central densities of dwarf stars range fiom 
a few thousand Kg'm=* for O type stars to 
10* Kg/m® for F,G,K and M type stars. The 
central temperature is maximum (about 30 
million degrees) for early type O and B stars 
and minimnm (about 10 million degrees) for 
M type stars. 

15,8 Stellar Evolution 

Like every thing else in the universe stars 
are born live for a certain length of time and 
die at the end of their career. The life history 
of a star begins when a large cloud of inter¬ 
stellar dust and gas begins to contract under 
the influence of its own gravitational force. 
It is calculated that the cloud must have a 
mass of at least one thousand solar masses for 
this to occur. As the cloud contiacts it heats 
up by compression A part of the energy is 
radiated away, which helps the cloud to con¬ 
tract further. At some stage the cloud breaks 
up into a large number of fragments of stellar 
size and each fragment continues to contract. 
When fragments become hot enough, they begin 
to radiate light from their surface. Thus each 
fragment becomes a self-luminous star and a 
cluster of stars is born. 

Each star of the cluster continues to con¬ 
tract until the central temperature attains 


values of ten million degree or more. At these 
temperatures the thermonuclear reactions dis¬ 
cussed in section 15 5 start. The carbon- 
nitrogen cycle and the proton-proton chain 
reaction convert hydrogen into helium and the 
energy liberated in these processes keeps the 
star shining for millions of yeais. The dwaif 
stars, which form more than 90% of the whole 
stellar population, are found to be in this stage 
of evolution. It lasts until all ludrogen fuel 
in the central ten per cent core of the star is 
exhausted The more massive stars of O and B 
type spend their fuel most rapidly like a spend¬ 
thrift within 10 to 100 million years The 
least massive M tvpe stars, which are moic 
frugal, can remain shining for more than thou¬ 
sand billion years. The sun has a total life of 
10 billion years out of which about half is 
already over at the present time. 

When the hydrogen in the core of the star 
is exhausted the core begins to contract while 
the outer regions expant. In this way the 
radius of the star increases while the sin face 
temperature drops and the star becomes 
giant or supergiant. For the sun this stage 
will occur about 5 billion yeais from now. 

The time spent by a sta in the giant and 
supergiant stages is small compared to the 
duration of the dwarf phase. That is why we 
find most stars in the dwarf stage and only a 
few in the evolved stages or giants and super- 
giants. At the end of the latter stage the pro¬ 
duction of energy in the star is so large and 
rapid that the star explodes m the form of a 
nova or supernova throwing out a large poition 
of its envelops into interstellar space. The core 
that remains behind may end up as one of the 
following three types of stellar remnants or 
corpses : 

(i) If the original mass of the star 
was less than about 2 solar masses we get a 
dense white dwarf of less than 1.2 solar mass. 
As there is no nuclear fuel left in the white 
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dwarf it just cools off slowly changing its 
colour from white to yellow, to red and finally 
becomes a dark body. 

(ii) If the original mass of the star was 
between 2 and 5 solar masses the back kick 
of the supernova explosion will compress the 
core of the star to nuclear densities giving 
rise to a neutron star The mass of a neutron 
star IS less than 2 solar masses a id its radius 
is about 10 kilometres. Neutron stars have 
veiy large magnetic fields of the order of IO 12 
gauss If the magnetic axis is inclined to the 
axis of rotation, the star emits pulses at 
regular intervals, the periods of which range 
from .10 milliseconds to 1 seconds. These are 
pulsars the first of which was discovered by 
the radio astronomers in 1967 

(ill) If the original mass of the star was 
more than 5 solar masses, the back kick of the 
supernova explosion is so violent that the core 
continues to contract indefinitely giving rise 
to a black hole As the contraction proceeds, 
the radius decreases continuously and accele¬ 
ration due to gravity, g, at the surface goes on 
increasing Finally a stage comes when the 
g value IS so larse that even the photons can¬ 
not escape from the surface of the body. On 
the other hand any particle or photon approa¬ 
ching it will be immediately swallowed That 
is why such a body i.s called a black hole. The 
recently discovered X-ray source Cygnus-Xl is 
found to be a binary .system in which one 
component is believed to be a black hole, 

15.9 The Mdky Way 

(a) Size an'J shop : We nave noted earlier 
that our solar systems and most of the nakedeyc 
Stars are members of a very large system which 
appear to us as Milky Way (Akashaganga) 
in ihe sky. It is a flat lens shaped disc which 
is thicker near the centre and thms out towards 
the edges. We are situated very nearly in the 


central plane of the milky way. That is why it 
appears to us as a great circle in the sky. But 
the milky way is not uniformly bright every¬ 
where. It is brighter and broader m one hemis- 
phere, and less conspicuous m the other. This is 
due to the fact that the sun is not at the centre 
©f the galaxy, the centre lies in the direction 



Ibl 

Fig. 15.8 (a) Schematic view of Milky Way i.e. Edge 
on view C=galactic centre 
S=position of Sun 

(h) Schematic view of Milky Way i.e. Face 
on View C=gaIaouc centre 

E=po.sition of Sun 
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of the Sagittarius {D'lwi'- Hashi) coastel 
lation. The diameter of the galactic disc is 
lOOOOO light years and the suia is situated at a 
distaace of 30000 light years fiom the centic. 
The thickness of the disc is 5000 light years at 
the centre, about 1000 light years near the sun, 
and diminishes as we reach the edges 
(Fig 13.8). 

(6) Interstellar matter : On a clear night 
ive see several dark regions in the band of the 
milky way. These regions look dark not 
because there are fewer stars in those direc- 
.ions, but on account of the intervening dust 
douds which hide from our view the stais lying 
sehind them. Dust and gas occupy the spaces 
between the stars and sometimes form dense 
ilouds containing lOj to 10“ atoms per m*. 
3ut these densities are minute compared to the 
lensity of our earth’s atmosphere. Like fog 
on the surface of the earth the dust in the 
interstellar space diminishesi the light of the 
stars behind them And just as the sun looks 
red at the time of rising and setting because its 
light has to pass through a great thickness of 
our atmosphere, similarly the hgtu of the star 
becomes reddened as it passes through the 
dust clouds which he in its path. Sometimes 
a dust cloud is illuminated by a hot star and 
it begins to shine by the reflected light giving 
rise to a bright nebula like Orion nebula. 
The gas which forms 90 per cent of the mass 
of the interstellar matter can be recognised by 
its characteristic spectrum lines which appear 
either in emission or in absorption. Hydrogen 
is the most abundant of all the elements and 
it gives rise to an emission line in the radio 
region of the spectrum; it is called the 21 cm 
line which is very useful for locating the 
hydrogen clouds in our galaxy. 

(c) Star clusters ; The galaxy also contains 
smaller assemblies of stars known as clusters. 
Two kinds of star clusters are recognised. 
The open clusters, of which the Pleiades 


(Krittika), Hydes {Rohmhhakaia), Praescape 
(P'ishya) are good examples, contain 100 to 
1000 stars which appear separate on photo¬ 
graphs Quite distinct from galactic clusters 
are globular clusters which derive their name 
from their spherical appearance. A globular 
cluster contains about 100000 stars which 
are packed rather closely together. About 
100 globular clusters are known, all of them 
are more than 20000 light years away from 
the sun. 

(d) Structure : It is now known that the 
disc of our milky way has a spiral structure 
like whit we see in the Andromeda galaxy 
(Fig. 1 1). Oidmary optical telescopes are 
inadequate for tiie study of its detailed struct¬ 
ure Our view is cut off by the interestellar 
dust clouds so ihal only a small portion m the 
solar neighbouihood can be surveyed. But 
radiowaves can penetrate through the dust 
clouds; therefore a detailed study of the galac¬ 
tic structure has been made in recent times by 
observations of the 21 cm line of hydrogen 
with ladio till scope. 

The central pait of our galaxy looks like an 
amorphous sphenod and U resembles a huge 
globular cluster in maiiv ways. Outside this 
central nucleus aie situated the spiral arms 
which are about 1200 light years wide and 
are separated by gaps of about 500 light years. 
The sun is situated near the inner edge of one 
such arm which passes through the Orion 
nebula. The spiral arms contain the youngest 
objects in the milky way. They include the 
gas and dust, the open clusters and the hot 
blue stars. The inter-arm regions contain 
somewhat older stars But the oldest stars 
are found in the galactic halo and in globular 
clusters. Fig. 15.8 shows schematically two 
views of our galaxy, one edge on and the other 
face on. 

(e) Rotation and mass : The milky way is 
not stationary, it is rotating around an axis 
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passing through its centte. This is the real 
leason foi, its flat disc like shape The glo¬ 
bular clusters do not take full part in rotation, 
hence they form a spherical halo around the 
galaxy. The galaxy does not rotate like a 
solid wheel. Each star revolves aiound the 
central nucleus m an elliptical or cucular 
oibit just like the planets round the sun. 
The stars near the centre move taster than 
the stars farther out. Our sun moves round 
the cenlie of the galaxy with a speed of 
250 km/sec. The sun takes about 240 million 
years to comp'ete one revolution around the 
galactic nucleus, which can be called the galac¬ 
tic year. Here also, equating the centii- 
fugal force caused by the sun’s circular 
velocity with the gravitational force of attrac¬ 
tion by the cential nucleus we can write ; 
M (Galaxy)=a v-/G. Putting a=30,000 light 
ycars=3 X v—2,5 lOhii/sec. and G= 

6 67 10-11 MKS iinils, we find that the mass 
of the galaxy is 3x 10^flcg= 150X10* solar 
masses. Hence, if we assume that the galaxy 
IS made of average stais like the sun we can 
conclude, tha there ate 150 billion stars m 
0111 galaxy. 

15 10 Galaxies and (he Universe 

(a) Noimal galaxies: Stellar systems 
like oui Milky Way form the major building 
blocks of the universe; they are called galaxies. 
Hundieds of millions of galaxies have been 
photographed by the modern powerful teles¬ 
copes. The faitliest of them are about a 
billion light years away. 

All galaxies do not look alike, and on this 
basis they are divided into three classes. About 
3 per cent of all galaxies are irregular in shape, 
they arc called irregular galaxies. A large num¬ 
ber of galaxies show spiral arms, they arc 
known as spiral galaxies Our Mdky Way and 
the Andromeda galaxy are good examples. 


Most common are elliptical galaxies which 
show elliptical discs on photogiaphs. 

(b) Radio galaxies and quamts : Normal 
galaxies emit a moderate ainoimt of ladio 
radiation compared to their light output. But 
cei tain radio sources in the sky are found to 
emit millions of times moie energy in the 
ladio region compaied to normal galaxies. 
They can be divided into two types ; radio 
galaxy and quasars Radio galaxies are 
identified with some peculiar optical galaxies 
showing explosions m them. But the radio 
radiation does not come from (he galaxy 
Itself. Invariably we find two radio sources 
occuiing symmetrically on either side of the 
peculiar galaxy, like two eais on the two sides 
of the lace of a man (Figme 15.9). It is 



Fig. 15.9 A=Rndio galaxy G=Ccntial optical 
galaxy &i,Sa=rvvo piuts ol laJio somce 

believed that a gicat explosion occuied in the 
central galaxy and two clouds of charged 
paiticJes were ejected on two dimetrically 
opposite sides. 

The other kinds of powerful radio sources 
are identified with star-like objects which are 
called quasi-stellar radio sources or shortly as 
QUASARS. The quasars are found to have 
radial velocities of recession equal to 90 per 
cem of the velocity of light. Consequently 
they are placed at large distance exceeding 
the distances of the most distant galaxies. 
The cause of the tremendous eneigy output of 
these star-like objects is still a mystery. How¬ 
ever, their large distances make them import- 
tant for solving the problems of cosmology 
discussed in the next section. 

(c) The expanding miverse : One 
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important feature of the galaxies is that they 
all appear to move away from us. The speed of 
recession ‘v* increases proportionately with 
their distance‘r’. We can write v=Hr which 
is known as Hubble’s law. ‘H’ is known as 
Hubble’s constant, it is found to have a 
value of 16000m/sec for every million light 
years. It is with the application of Hubble’s 
law that we find the distances of objects like 
radio galaxies and quasars. Hubble’s law 
indicates that the universe of galaxies is expan¬ 
ding. Based on these facts of observation 
several cosmological theories about the origin, 
and evolution of the universe are put forward. 

According to the ‘big bang’ theory, all matter 
in the universe was concentrated in a very dense 
and hot primeval fireball at the beginning. 
An explosion occurred at about 20 billion years 
ago and since then the matter in the universe 
is moving away in the form of galaxies Using 
the value of the Hubble’s constant we find that 
the velocity of expansion equals the velocity 
of light at a distance of 20 billion light years. 
Since the light from the galaxies at that dis¬ 
tance can never reach us it is called the boun¬ 
dary of the observable universe. On account of 
the continuous expansion more and more gala¬ 
xies will go beyond this boundary and they 
will be lost. Consequently the number of 
galaxies per unit volume will go on decreasing 


and ultimately we will have an empty universe. 

If the total mass of the universe is more 
than a certain value the expansion may be 
stopped by its gravitational pull and the uni¬ 
verse may contract again. Thus we may have 
alternate expansion and contraction giving rise 
to a pulsating universe. There is also a third 
possibility suggested by T Gold and F. Hoyle 
in U.K. They postulate that new galaxies are 
continuously being cieated out of empty space 
to fill up the gap caused by the galaxies which 
leave the observable part of the universe. This 
IS known as the ‘steady state theory.’ 

The presently available observations of 
galaxies and quasars are not sufficient to decide 
which of three theories of cosmology is the 
correct one. However, one piece of independent 
observation is against the steady state theory. 
It is observed that radio radiation of a few 
millimetie wavelength is coming from all parts 
of the sky. This background radiation has a 
temperature of 3K and it is believed to be 
the remnant of the original very hot radiation 
of 10^“ K which existed at the time of 
the big bang But the question whether the 
univeise wdl continue to expand for ever or 
whether it is a pulsating universe is still not 
settled. We need to know the average density 
of the universe much better before a final 
answer can be obtained, 
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Exercises 


15.1 (a-) Give a list of various constituents of the universe, 

(b) How does the science of astronomy differ from other sciences like 
Physics ? 

15.2 (a) Describe and compare the vaiious kinds of telescopes used for astrono¬ 

mical observations. 

(b) The lens of our eye has a diameter of 8 mm. How much fainter objects 
can be seen through a telescope of 120 cm aperture as compared to the 
faintest naked eye stars. 

15.3 (a) The distances of the satellites ofMars are 25" for Phoboa and 62" for 

Deimos at mean opposition when Mais is 0.524 A LJ. for earth. Calcu¬ 
late distances of the two satellites for Mars in astronomical units and 
ill metres. 

(b) If the period of revolution is 0 319 day for Phobos and 1.262 day for 
Deimos use equation (15.3) to find the mass of Mars in units of the 
earth’s mass which is 5.977X 10®^ kg. 

15.4 (a) Explain why some bodies in the solar system have atmospheres and 

others do not. 

(b) Discuss the possibility of life on the various planets in the solar system. 

15.5 Period of revolution of the moon is 27.32 days and its mean distance from 
earth is 384,400 kra. Use equation (15 2) to calculate the sum of the masses 
of the earth and moon. Further, using the known fact that the centre of 
mass of the earth-moon system lies at 4 75xl0®m from earth’s centre, 
calculate the mass of each, 

15 6 (a) Calculate the value of the solar constant at the distance of Jupiter 
which is 5 2 A.U away from the sun. Hence calculate the temperature 
of a black body on Jupiter by Stefan’s law. 

(b) Explain how the sun produces its energy. 

15.7 (a) From the data given in columns 4 and 6 of Table 1, calculate and 

verify the entries about the mean density and acceleration due to 
gravity given in columns 7 and 8. 

(b) A man weighs 68 kg on earth. Find his weight on the various objects in 
the solar system. 

15.8 From the data in Table 2, calculate the mean densities and g-values on the 
surfaces of various types of stars. 
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15.9 (a) The two components of Procyon have a separation of 4".55 and peiiod 

of 40 6 years. If the distance of the binary is 11.3 light years, calculate 
the sum of the masses of the two stars in solar units. If the ratio of 
their masses is 3:1 find the mass of eachs tar. 

(b) If both components of Procyon have the same spectra while one compo¬ 
nent IS 15000 times brighter than the other, calculate the ratio of their 
radii. 

15.10 Narrate the complete life history of a star 

15 .11 Describe the structure and contentsof the Milky Way. 

15.12 (a) Give the properties of normal galaxies and explain how the radio galaxies 
and quasars differ from them. 

(b) Briefly discuss the three mam cosmological theories of the universe. 



